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PREFACE
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*(AFWAL/POSF), Wright-Patterson Air Force Base, OH, with W. M. Roquemore,
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Section I

INTRODUCTION

This report describes the results of experimental and theoretical investiga-

tions of the coherent anti-Stokes Raman scattering (CARS) technique as a diag-

nostic tool for the study of turbulent flames.

The study of turbulent combustion on a fundamental level requires detailed

spatially resolved information on the instantaneous values (acquired simul-

taneously) of a large number of scalar quantities such as temperature, species

concentration, velocity, and pressure. Measurement of such scalar quantitites

is essential for producing the single and joint moments required by various

modeling theories.

The CARS technique has been shown to be an important diagnostic tool for the

measurement of temperature and major flame species concentrations. When this

technique is combined with a laser Doppler anemometer (LDA), simultaneous tem-

perature and velocity measurements can be made.

The objectives of this program were to utilize CARS and other promising laser

optical techniques for obtaining data needed in the evaluation of combustion

hI models and to investigate methods of improving the diagnostic capabilities of

these techniques. The program was divided into two parts, Part A consisting

of fundamental laboratory evaluation of CARS and other techniques and Part B

consisting of the hardened CARS system effort.
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Section 2 of this report describes the fundamental laboratory equipment and

studies which were undertaken including:

1) 10-Hz CARS instrument

2) Error analysis of CARS thermometry and species-concentration

measurements

3) Turbulence effects on CARS signals

4) Simultaneous species-concentration and thermometry in a tur-

bulent flame

5) CARS multiple-species measurements

6) Alternative CARS thermometry methods

7) Determination of Raman linewidths from CARS spectra

8) Development of a blackbody probe

9) Thermometry and species-concentration measurements by laser- "

deflection techniques

10) Combined CARS/LDA instrument

Section 3 describes the construction, evolution, and application of the hard-

ened CARS system for combustion diagnostics on the AFWAL-APL large-scale tun-

nel facility.

..- .- *
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Section 2

FUNDAMENTAL LABORATORY STUDIES

2.1 10-Hz CARS INSTRUMENT

The CARS system is described in a paper entitled, "10-Hz Coherent Anti-Stokes

Raman Spectroscopy Apparatus for Turbulent Combustion Studies," which was pub-

lished in the Review of Scientific Instruments (see following pages). Sub-

sequent modifications to this system included: 1) addition of a TN6132 DARSS

detector having a larger dynamic range and no memory effects, which resulted

in a reduction in the number of signal splits required to cover the intensity

range needed, and 2) electronic modifications which were required in combining

the CARS and LDA instruments to permit simultaneous velocity and temperature

measurements (see Section 2.9).

7,
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10-Hz coherent anti-Stokes Raman spectroscopy apparatus for turbulent
combustion studies

L. P. Goss, D. D. Trump, B. G. MacDonald, and G. L. Switzer

Systems Research Laboratories, Inc., 2800 Indian Ripple Road, Dayton, Ohio 45440-3696 . ",* -

(Received 4 October 1982; accepted for publication 25 January 1983)

A 10-Hz coherent anti-Stokes Raman spectroscopy (CARS) instrument capable of simultaneous
thermometry and N2-concentration measurements in a turbulent flame has been designed and
constructed and is described in detail. The instrument employs the doubled output of a pulsed *.-.-

Nd:YAG laser for pumping a broadband dye laser and also for the CARS pump beam. The
broadband dye laser is used to excite, during a single pulse, the entire Q Branch of N2, the CARS
signal of which is recorded by a multichannel analyzer. Special problems which were encounted
with the multichannel analyzer include signal retention and limited dynamic range. The former
was greatly reduced by employing cleansing scans between laser firings, and the latter was
circumvented by employing a multiple beamsplitter arrangement in which the CARS signal was
divided into four separate intensity regions, each of which covered a specific temperature range.
The 10-Hz operation of the instrument required the use of a mass storage device such as an 800-
bits-per-inch tape. CARS data recorded and digitized by the multichannel analyzer were
transferred via machine-coded instructions to a minicomputer for storage on tape. Analysis of the
CARS data consisted of a nonlinear least-squares fit of the CARS bandshape for thermometry
and integration of the CARS signal for N2 concentrations. CARS measurements in a near-
stoichiometric premixed propane flame and a turbulent diffusion flame are reported. Results of ...-

calibration measurements indicate that uncertainties of 4% in temperature and 6% in
concentration are obtainable with this instrument.

PACS numbers: 82.40.Py, 82.60.Cx

INTRODUCTION of high spatial and temporal resolution and is described in , ,
detail in Refs, 8 and 9. The fundamental concepts of theThe study of turbulent combustion on a fundamental leveldealiRes8an9.Tefdmntlocpsofhe=." •
theory are included here for purposes of discussing the prac-

requires detailed spatially resolved information on the in- tn
stantaneous values (acquired simultaneously) of a large num- ciea a n of (pm tesesel av a fre-

cies roc and qr (pump and Stokes, respectively), having a fre-
ber ofscalar quantities such as temperature, species concen- quency difference equal to a Raman resonance of the
tration, velocity, and pressure. It is important to measure molecular species being probed, are focused and mixed to
such scalar quantities in order to produce the single and joint generate a laser-like CARS signal through the third-order
moments required by various modeling theories. The goal of susceptibility. The third-order susceptibility which governs
the present study was to develop a nonperturbing experi- CARS can be expressed in abbreviated form as
mental technique for measuring these quantities in turbulent
flame systems. Coherent anti-Stokes Raman spectroscopy X + + , (1) .
(CARS) is an attractive experimental technique for this pur- where X. is the nonresonant contribution and X, is the Ra-
pose because it can provide time-resolved (- 10 ns) and spa- man resonant contribution to the third-order susceptibility.
tially resolved (- 0.1 mm3 ) measurements of temperature X,, far from electronic resonance, is given by
and major flame species, simultaneously, without apprecia- ( do,
bly perturbing the flame. This paper describes a 10-Hz sys- 2C4  A (vJ) -l..

tem which has been developed for making CARS measure- ,y, = - N (2) - "
ments in turbulent, sooty flames. hw"2 ..J 0), -- 6 - iF(vJ)"

where N is the total number density of the species being
I. THEORETICAL CONSIDERATIONS probed; A (vJ) is the population difference between the states

Coherent anti-Stokes Raman Spectroscopy (CARS) has re- involved in the Raman transition; w, is the frequency of the, .1 :

ceived considerable attention during the last several years as Raman transition; 6 is the frequency difference between o,
a possible technique for remote combustion diagnostics be- and to; F (v,J) is the HWHM of the Raman transition; and
cause of its applicability to practical combustion systems, (d4/dl),. is the Raman-scattering cross section. The.
e.g., furnaces,' internal combustors, and combustion tun- CARS intensity distribution is given by'.
nels.3- Spontaneous Raman spectroscopy has also been "%-
widely investigated in this regard"-; however, due to the Idco)- do; T(o,- w ) dwl,(w,)."
weak signal strength and incoherent character of this tech- f f
nique, its use is generally limited to relatively clean flames. × dw2i,(wo - to, + w.)l2(w2),i'1(w, - to.) , (3)

CARS is a nonlinear, lightwave mixing process capable f

563 Rev. SM. Instrum. 54 (S), May 1983 0034-6748/83/050563-09$01.30 c 1983 American Institute of Physics 563
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where T is the slit function, and 1, and , are the spectral the pu ..p linwidth and slit function. The spectral con-
densities of the pump and Stokes sources, respectively. In stant," nonresonant susceptibilities,' 2  and Raman-
broadband CARS, the Stokes bandwidth is normally suffi- lincwidth variation with temperature andJ level'3 were em-
ciently large that 12 can be taken outside the integrals, and ployed for this calculation. Figure I(b) shows the convolved
Eq. (3) can then be expressed as spectrum utilizing the experimentally observed 0.4- .

f cm' t HWHM Gaussian pump linewidth and a 4.0-
13((L3)l' °2 J Id(a - 1 )1 3(6)12d8, (4) cm- HWHM Gaussian slit function.

fTemperatures are derived from the spectral distribu-
where IT' is the total pump intensity (integrated over all tion Tm te s redived wrom the rb .,'(.*

tinof the CARS radiation which is determined either by --. ~
frequencies); '2 is the Stokes intensity per unit frequency in- scanning the Stokes frequency through the spectral region of
terval; 1, is the pump-intensity distribution convolved over interest or by exciting the molecular transitions in a single
the slit function; and the variable of integration 6 varies over laser shot with a broadband Stokes beam.' 4 The second
all values of detuning w, - 02. method has allowed the CARS technique to be applied to] -. '

For calculation of a CARS spectrum, the third-order turbulent time-varying flames'" in which the nonlinear na-
susceptibility is generated according to Eqs. (I) and (2) and ture of the CARS process prevents the use of scanning tech-
subsequently convolved over the pump-laser linewidths and niques.
the appropriate slit function as dictated by Eq. (4). Figure Species concentration measurements are accomplished

1(a) shows 1% (3312 for N2 at 1700 K before convolution over on a major flame species by integrating the CARS signal'"

while monitoring laser-power variations by means of a pow-
er reference. A minor species concentration can be deter-
mined from the bandshape of the CARS signal'12 or through
background substraction of the nonresonant signal and then

T.00 integration of the resonant CARS signal.'7 Care must be
taken when performing density measurements in turbulent
flames to insure that refractive-index effects are not so large

0.75 as to cause problems with the external power-referencing
scheme. The variation of the refractive index can cause beam -'-

* _ steering, beam defocusing, and focal shifting. The magni-

0.50 tude of these effects is determined by the strength of the
turbulence and the distance through the turbulence which
the beams must travel before their foci. Preliminary mea-

0.25 surements on the small-scale burner reported in this paper
and on a large-scale practical combustor' 8-including both
turbulence intensity measurements and external referencing :

0.00 after the flame-indicated that the refractive index effects
2270 2285 2300 2315 2330 2345 were small and did not influence the density determinations.

FREQUENCY (CM " ) If these effects were to become a problem-such as in the

(a) case of measurements performed in internal combustors or N,.a,
in very large turbulent flames-then an in situ referencing - -'- 4

scheme would be required.'" This would involve either

TEMPERATURE - 1700 K incorporation of a second dye laser to produce the nonreson- -.- .-

.00 ant signal" or employment of polarization analyzers and -"

associated half-wave plates to monitor, selectively, the non-
resonant signal produced at the same frequency as the reso-

0.75 nant CARS signals. .2o In either case, the added complexity
required by this method of referencing was not warranted in

* the flames under study.
Z oo In turbulent flames the local flame temperature can

2 vary several thousand times a second, therefore, a simuha-

neous measurement of the temperature and species concen- .

0.25 tration is required. Simultaneous measurements were first
reported in Ref. 21, and the design of the CARS instrument

discussed in this paper is a result of these earlier studies.
0.00 .c

2270 2285 20 2315 2330 2345
FREQUENCY (CM ') II. EXPERIMENTAL TECHNIQUE AND APPARATUS /

Wb A. Optics

Fi,. I '" 1a)forN2atatemperature of10K.aid()conCodLover a Figure 2 is an optical schematic of the 10-Hz CARS
40-cm 'Gaussianslit. aipparatus. The pump source is the frequency-doubled out-

564 Rev. Scl. Instrum., Vol. 54, No. 5, May 1983 Combustion studies 564
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OCR-I DARSS
SPEX 1702 b FIG. 2. CARS optical schematic. Arrows

indicate lenses. (a) 50% beamspliter for
532 in, (b) total reflector, (c) dichroic,

Sb b green reflector, red transmitter, (di 50-cm

- " h" I lens, (e) 20% beamsplitter, (1) Pellin-
c Borca prism, (g) iris, 1h) beamsplitter array

DY*EESOEREF C FLAME f (0.1%, 1%, 10%o, and total reflector), (i)DYE LASER DYE TELESCOPE d 532-nm filter.
b a 'b

put from a Quanta-Ray DCR-I Nd:YAG laser. This laser beam splitters which are used as an optical method of in-
produces - 210 mJ of 532-nm radiation at a repetition rate creasing the dynamic range of the detection electronics. - -
of 10 Hz. For studies of N2, the laser power is typically ad- Single-shot spectra are obtained by employing a Tra-
justed to 70 mJ for optimum signal levels. The 532-nm out- cor-Northern DARSS Reticon detector. This device (see
put serves as the pump beam (w,) for the CARS signal and Sec. II B) becomes nonlinear above 2000 counts/pulse. The
also as the pump for the broadband dye laser. A beam split- lower end of the dynamic range is determined by electronic
ter removes 50% of the 532-nm beam for pumping of the noise and is about 200 counts. In turbulent combustion me-
broadband dye laser which serves as the Stokes beam (w2). dia, however, a dynamic range of 10 is not adequate to ac-
For excitation of the N2 Raman transition at 2331 cm- ', the count for the large variations in temperature and number
dye-laser output is centered at 607.3 nm by concentration density. The beam-splitter arrangement allows this limita-
tuning of the laser dye, Sulfarhodamine 640. The optimum tion to be overcome by simultaneously imaging four differ-
concentration was found to be -40 mg/l in methanol. The ent sample beams on the face of the Reticon. Each of the four
broadband emission displayed by the dye laser was - 130 peaks represents a different fraction of the total CARS inten-
cm-' HWHM. This laser has a conversion efficiency of sity. The effect of temperature upon the CARS intensity is
about 30% when operated in a longitudinal pumping config- shown in Fig. 3. By choosing the correct beam-splitter com-
uration with no amplifier stage. No improvements were real- binations, the entire CARS intensity and, therefore, tem-
ized through the use of an amplifier stage, implying that the perature range can be covered by a single detector. As dis-
dye was not being saturated at the powers employed, played in Fig. 3, the temperature range is divided into four

To achieve spatial resolution a BOXCARS22 mixing separate regions, 300-600, 600-1000, 1000-1600, and 1600-
configuration was adopted. With this approach, the primary 2300 K. When the CARS signal is generated from a hot part
pump beam is split a second time by a 50% beam splitter,
one-half being combined with the Stokes beam by a dichroic
mirror and the remaining half being made parallel with the 1.00
Stokes and pump beams; all are crossed and focused by a 50- SAMPLE 0  -

cm focal length lens. To assure that the dye laser focuses at /
the same point as the pump beams, the focal point for the
pump beams is located by a knife edge and the dye beam is SAMPLE .2
focused at this point by adjusting its beam divergence with a /.. .
telescope. 010 ,

Due to the nonlinear dependence of the CARS signal o. o
upon the power density as well as the mode structure of the ) SAMPLE 03 --z
pump and Stokes lasers, the reference scheme must repro- -

duce the spatial and temporal characteristics of the sample- 
-

beam focal volume to a high degree.' To accomplish this "
W

task a retroreflecting power reference was incorporated into S
the CARS system. The reference is formed by a 20% beam SAMPLE 04 -

splitter which is positioned in front of the focal point, per- /
pendicular to the incident beams. That portion of the laser p1

% beams reflected by the splitter produces a second focus that
, . generates a CARS signal from atmospheric N2 , which serves

as the power reference for the concentration measurements.
With this arrangement the correlations between sample and

- reference intensities are consistently 94%-97%. o.oo .
Both the reference and sample signals are recollimated 3oo 700 1oo 1oo 1900 2300

and passed through Pellin-Broca prisms to separate the 532- TEMPERATURE K) - .
nm radiation from the CARS signal. The CARS signal is Fi(,. 3 Relative intensity-vs-temperature plot for N, Qbranch. The intensi-

coupled to a Spex 3-m monochromator through a series of ty temperature of each region of the four sample peaks is depicted.
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of the flame, the peak carrying the largest fraction of the 8260

signal is in the proper count range on the Reticon and is used
to measure temperature and species concentration. When'

, the CARS signal originates from a cooler portion of the gas,
however, this peak is offiscale (greater than 2000 count ). aind .

one of the other three peaks is used for the measurement.
This is demonstrated in Fig. 4. 630

In order to position the four sample beams and the ref-
erence beam on the Reticon simultaneously, the slits are re- . ,

moved from the monochromator. The five beams are then
crossed 10 cm in front of a 10-cm focal length lens and enter

the monochromator in a parallel fashion. The full expansion 0

of all five beams on the collecting mirror of the monochro- 1 103 205 )s3oy 409 511

mator could not be realized; thus, a certain amount of resolu- (a)
tion was lost. The measured dispersion for this arrangement
of the instrument was 2.4 cm- per channel element of the
Reticon, with a -4.0-cm-' HWHM measurement resolu-
tion.

B. Data-acquisition system ,8 .

The basic components of the CARS data-acquisition
system are shown in Fig. 5. The heart of the system is a
Tracor-Northern 1710 multichannel analyzer with a plug-in 946

optical spectrometer and an intensified gated diode-array .%

rapid-scanning-spectrometer (DARSS) detector. The detec-
01

tor incorporates a Reticon solid-state line scanner and a z o 03 205 307 409 S-"

monolithic, self-scanning, 512-element, linear pholodiode (b)
array in a dual in-line package. The DARSS detector pro- Z 4056

. vides thermoelectric cooling (for reduced dark counts) and
has a gatable, continuously variable-gain image intensifier.
This detector displays little of the troublesome blooming en- 3042

countered with vidicons." The data from linear dynamic
range measurements obtained for the DARSS detector are

shw nFg .Teedt ere obtained by averaging 100 2026%

* shots of room-temperature N2 CARS signals. The input in- %

tensity was varied by insertion of calibrated neutral-density .?
filters. The points on this plot indicate the signal counts ex- l014

tending above the background levels for both the peak and
integrated detector responses. These data suggest a maxi-
mum peak count constrained to -2000 for linear operation. I 103 205 30 409 511

The lowest acceptable number of signal counts which indi- (c)
cated no interference from background-noise sources was 4060

-200. Thus, for single-shot operation the useful dynamic - SAMPLE 2

range of the detector is - 10. SAMPLE I
The TN-1710 is microprocessor controlled by an LSI- 3045 SAMPLE S

11. The mainframe of the analyzer contains 16 Kbytes of
volatile memory and will accept plug-in modules to provide

'. additional capabilities. The TN-1710 analyzer is suppiorted 2030

by a Model 42 Teletype, Shugart dual 8-in. diskette drive, REFERENCE

and a Hewlett-Packard 7004B X- Y plotter.
*" A Tracor-laser synchronizer was fabricated to synchro- 1ors saMP,. 4

nize the laser firing to the TN- 1710 data-acquisition cycle.
Upon a trigger from the TN-1710, the laser synchronizer 0

generates four signals; two signals (20-V pulses) fire the laser 1 03 205 301' 409 5 1.

flashlamps and Q switch, while the other two signals (TTL) (d)

trigger the TN-1710 data-acquisition electronics and gate CHANNEL NUMBER
Sthe detector for background light reduction. Four vasriable FIc. 4. Single-shot spectra obtained in turbulent diffusion flame, depicting

delays are provided for adjusting the relative timing of the %ariation of CARS intensity and how splitting arrangement insure' that

four signals. The laser may he fired in a single-shot mode or CARS signal is always on scale for at least one of the four sample peaks
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4805 16-BIT INPUT PORT

TNI710-39 32-BIT OUTPUT PORT MACHINE %.

CODE
FIG. 5. Block diagram of the CARS-system data-acquisition electronics.

SPECTRAL DATA MEMORY

its firing can be controlled by the TN-1710 console or be
program control. The synchronizer allows the laser flash- .
lamps to be pulsed continuously, regardless of laser firing TNI7IO-21 OPTICAL SPECTROMETER ROM ... .,

mode, to maintain the laser cavity at a constant temperature. 4 ..

The video signals from the DARSS detector are digi-
tized and stored in a special memory of the TN-1710. This DARSS DETECTOR

memory (spectral data memory, SDM) consists of 8 Kbytes %
of data memory partitioned to accept up to sixteen individ- FIG. 7. Sequence of data storage, transfer, and restorage for 10-Hz oper-
ual spectra. From the SDM, data are transferred in 16-bit ation.

parallel fashion to a Modular Computer Systems (Mod- %.

Comp) 7840 Classic Series Minicomputer. The transfer pro- time-multiplexed via different lengths of fiber-optic cable to
gram (machine code) of the TN- 1710 controls the handshak- a single photomultiplier tube. The tube signals are fed to a
ing and data transfer on the sending side. On the receiving LeCroy 428-F Fan-Out which splits the PMT output into
(ModComp) side, FORTRAN in conjunction with a direct twelve parts, allowing up to twelve different CARS signals to
memory processor channels the information to either a 5- be derived from a single PMT. Each of the twelve signals
Mbyte disk drive or an 800-bpi magnetic-tape transport drives one channel of a 12-channel integrator/analog-to-di-
When 512-channel spectra are being taken at 10 Hz, a disk gital converter (LeCroy Camac Model 2249SG). Each chan -__-_

can be filled in 8 min and a tape can be filled in 32 min. The nel is individually gated to capture a single pulse from the
use of the direct memory processor allows rapid data storage pulse train of the photomultiplier tube. The custom-built
with minimum central-processor time. The flow of control gate generator provides 12 individually adjustable (start time
during data transfer is diagrammed in Fig. 7. and duration) gates, all triggered by a common sync signal

In addition to the spectral data from the TN- 1710, the from a pin diode which monitors the laser event. Instruc-
data-acquisition system can acquire 10-Hz integrated data tions in the TN-1710 data-acquisition program cause it to
from a photomultiplier tube. The desired CARS signals are address and read out the requested number of A/D convert-

er channels sequentially. This information is deposited into %
,oo the SDM, replacing the last 12 channels of the 512-channel

spectral information and transferred along with the DARSS
* 4000 LINEAR data to the ModComp 7840 Computer.

* A significant problem was discovered with the DARSS .
3500 detector during testing for 10-Hz operations, namely, that

-~ the detector possesses a memory allowing information from
2 3000
o one laser shot to be carried over to the next. The image-lag .

oo00 . effect demonstrated in Fig. 8 consists of two components- ..

o the intensifier phosphor-decay time (TC- 10 Ins) and a sec- ", ",.
ond component due to the Reticon which results in an 8%-
10% carryover of signal from one scan to the next. The phos- .

X[ Iwo- phor-decay component is important when the detector is be-
ing scanned rapidly, > 20 Hz. However, since the detector is
operated at 10 Hz for this application, the Reticon compo-
nent represents the dominant image-lag problem. The Reti- %

5W con lag component, as demonstrated in Fig. 8, is reduced
only by scanning and not be increased time exposure. Since it

0 10 20 30 40 0 so so 7o s 9o 00 110 20 is reduced only by the number of scans of the DARSS detec-
RELATIVE INPUT INTENSITY tor, then any scheme to reduce its effect would require that

FIG. 6. DARSS-dynamic.range comparison for peak and integrated intensi- the DARSS be scanned several times between laser pulses to
ties in pulsed operation, reduce any image lag. The total number of scans, however, is
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b) 0)

FIGA. 8. Plot of relative intensities of three con- -

l-to a single laser shot at different time delays.

z Time delays (a) 20 ms. (b) 33 ms. (c) 50 ms, and
(- d) l00 ms. I

2

ONEi1¢WoI iaCE i i I , I I I I i i I I - ..

limited by the need for at least 60 ms of integration time and that would totally erase the retained image and maintaining

the time required for data transfers. Since the integration a long integration time that would permit the entire signal to
time could not be lowered, a concerted effort was made to be acquired. Through the use of the external exposure input

minimize data-transfer time to allow maximum flexibility of the optical spectrometer, a special data-acquisition cyck
for anti-image lag schemes. A machine-code program was was developed which reduced the image-lag problem to less

required for data transfer since a transfer program written in than 1% signal bleedover. This acquisition cycle appears in

FLEXTRAN, the Tracor's high-level language (similar to BA- Fig. 9(a). After each laser shot, the detector integrates for 60 "

sic), required 21 s for transfer of all 512 channels of each ms to acquire the full CARS signal. The detector is then %

spectrum. The machine-code program which makes use of scanned and its output digitized and deposited into the.'N

available machine registers and machine-coded instructions SDM. If the ModComp is ready, the spectrum is transferred .

having lower addressing modes and correspondingly lower via the 1/O ports. Otherwise, the program loops for a time p -

execution times requires 22 ms to transfer the 512-channel equal to the transfer time, which keeps the laser firing rate at
spectrum. 10 Hz. The detector is scanned to reduce image lag; and after

Once data-transfer time had been minimized, an anti- a small delay, the detector is scanned once again to further .-

image-lag scheme was devised. The scheme represented a cleanse it of any retained images. The detector is then ready
compromise between performing a large number of scans for the next CARS signal. The result of the anti-image-lag

SIGNAL SIGNAL CLEANSING SIGNAL
INTEGRATION I I TRANSFER SCANS I INTEGRATION

(]) I * I I.- .m

a) i in,5 . I * - *

Sim. Sn,. Sims S..

60 In

FIG. 9. (a) Data-acquisition cycle em-

I ployed to minimize image lag problems
(b) Plot of relative intensities resulting
from the anti-image lag data-acquisition -.%, -:

b) IAGE LAG scheme.
%%

,% '"
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acquisition cycle is shown in Fig. 9(b). The 10-Hz antilag dl (1)
acquisition system was employed for all data acquisition re- dT
ported in this paper. , W (1) dI (n) (6)

dIdT dT (n)
* .,C. Data reduction dT

As discussed in Sec. II B, the raw spectra are stored in a
mass-storage device (by the ModComp computer, typically

tape) and retained for analysis at a later time. This analysis = L,(1) - l, ... 1o(n) - l(n) (7)
includes conversion of the raw single-shot spectra to tern- where the subscripts o and c represent observed and calculat-
peratures and species concentrations from which histo- ed intensities, respectively. The temperature subprogram be-
grams, contour maps, and correlation plots can be con- gins with the initial temperature guess and forms the neces- %
structed 4  sary matrices for the iterative equation. The correction, A T, 5.

The data reduction consists of fitting the observed spec- to the guessed temperature is determined and a new tern-
tral bandshape in order to obtain temperatures and integrat- perature calculated. The new temperature is then used as the
ing the CARS signal to obtain concentrations. However, temperature guess and the iterative cycle repeated until the
since four sample (flame) CARS peaks are generated during temperature correction, 4 T, becomes small-typically three
a single shot, the program must decide which peak is in the cycles of the iteration are required. To reduce the time re-
proper intensity range for temperature fitting. The basic pro- quired for temperature fitting, a CARS-spectra library was ,"

gram can be broken down into the following five subpro- calculated and stored for use by the fitting routine. Instead of

grams: (1) initial parameter setup; (2) peak selection; (3) tem- calculating the CARS spectrum for each cycle, the tempera-
perature fitting; (4) concentration determination; and (5) ture-fitting subprogram retrieves the spectrum from the Ii-
data storage. brary. This reduces the data-analysis time per spectrum

The initial parameter setup involves first determining from 30 min to 3 s on the ModComp Classic 7840 Computer.
the sample reference intensity correlations for each of the Once the temperature has been fit the concentation can A
four CARS peaks in ambient air, which consists of ratioing be determined from the integrated area of the CARS signal.
the integrated sample signal by the integrated-power-refer- The N 2 number density is given by24 -
ence value for a total of 200 shots. This measurement is need- %(R (iT)
ed for calibration of the flame-concentration data and for NT = N300 / , (8)
determining the error in the concentration measurement._ %, i

Next, the initial temperature guesses are made for each of the where NT is the N, number density at temperature T; N,,, is
four peaks. Each peak covers a narrow range of tempera- the N2 number density at 300 K; RT is the ratio of the band-
tures (typically less than 600 K) from 300 to 2300 K; the shapes of the CARS spectrum at 300 K to the CARS spec-
initial temperature guess will vary depending upon the trum at temperature T; IT is the experimentally measured
beam-splitting combination employed. The program then integrated CARS intensity at temperature T and 1,oo is the
searches through the file of spectra to be reduced and selects, experimentally measured integrated CARS intensity at 300
for each of the four peaks, one spectrum in which the peak K. The ratio R T takes into account the change in the Raman
intensity falls between 200 and 2000 counts. Next, each of linewidths and population redistribution with temperature.
these spectra is frequency fit (using a fitting procedure simi- Once the spectral data file has been reduced to temperature
lar to the temperature fit discussed below) to determine the and species-concentration data, the results are stored on
starting channel, frequency, and boundaries of that CARS mass storage by the data-storage subprogram, and analysis

% peak. This procedure establishes the boundary conditions of the next file of raw CARS spectra begins. '
for each peak to be used by the peak-selection subprogram. Approximately 3 s of CPU time per spectrum is re-

The peak-selection subprogram performs the task of de- quired for the data analysis discussed above. Data reduction
termining which of the four peaks recorded during a single is generally accomplished at night when the ModComp

shot will be used for temperature fitting. Each peak is tested computer can be solely dedicated to this task. At this rate %I
to determine whether its intensity falls within the 200-2000 approximately one tape of CARS data (30 min of 10-Hz data) .
count range. Next, the initial parameters and boundary con- can be reduced overnight.
ditions which were determined in the setup subprogram are
applied to the peak in the correct intensity range. Normali- III. SYSTEM CALIBRATION AND EXPERIMENTAL
zation for diode-sensitivity variation and dye-laser tuning is RESULTS
then performed, and the CARS spectrum is ready for tern-
perature fitting. To calibrate the 10-Hz CARS system in a known flame %

The temperature-fitting subprogram employs a nonlin- environment, a premixed near-stochiometric mixture of pro- -..'/
ear least-squares fit of the temperature." The fit is based pane and air was burned in a concentric-tube burner. This - "'-
upon the iterative equation flame has been studied extensively by two-line fluorescence

and sodium-line reversal and is known to have a steady, flatt

A T = (J -J)- 'J A, (5) temperature distribution across its profile. " The burner was "''
operated at an air flow of 1.75 std. I/min of air and 0.082

where J and J ' are the Jacobian matrices defined by std. I/min of propane. This corresponds to a fuel-to-air ratio
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of 0.0767 and an equivalence ratio of 1.20. Adiabatic flame mixture and the lower, to a fuel-rich mixture. The turning
calculations for a propane-air mixture predict an average point in the higher-temperature region corresponds to a sto-
temperature of 2195.6 K and an N2 concentration of chiometric mixture. As can be seen, the experimental data
2.535 x 10'" molecules/cm. The average temperature mea- follow the adiabatic flame calculations. The avervp!e tern-
sured by the CARS technique was 2174.0 ± 90 K, with an perature at this flame location was 1335 K, wil it a . .tdard
N2 concentration of 2.637 X 10" ± 0.139 X 10" molecules/ deviation of 521 K. Notice that the entire temperature lange ,.

cm".Because of the flame stability at the measurement loca- from 300 to 2300 K was measured, indicating that the CA RS
tion, the observed deviations given for these measurements
are due solely to the uncertainty of the measuring technique.
Uncertainties of 4% in temperature and 5.2% in concentra- *. % '...,
tion are thus obtainable with this apparatus. These results
are in agreement with error-analysis results for this instru-
ment which will be reported in the near future. "  027

The temperature histogram of the experimental data is
shown in Fig. 10(a). The bin size for the temperature and t
concentration pdrs was 100 K and LOX 10" molecules/ -

I * .1cm., respectively. The concentration histogram is shown in
Fig. 10 b), and the correlation of the two measured param-
eters is shown in Fig. 10(c). Most of the data are grouped very
near the adiabatic flame curve, shown in this figure as a solid 00 " " -

line. The adiabatic equilibrium flame calculations are based
upon the assumption that each homogeneous volume of gas
within a flame consists of an equilibrium mixture of gases at . 7 00 1 IS9 7 00

adiabatic temperature. These calculations neglect radiative TC,,,RATUi, "KELVIN)

heat and mass transfer. The solid line in Fig. 10(c) is the (a)
adiabatic equilibrium calculation performed for fuel-to-air 0. 96

equivalence ratios between 0.1 and 3.0 using the computer
code of Gordon and McBride.27 Initially the fuel and air
were at atmospheric pressure (750 Torr) and 298 K. The 0.7a %
equivalence ratio of 1.2 indicates a slightly fuel-rich mixture, ___

as demonstrated by the data which lie primarily on the lower ,
fuel-rich curve. 9 0.48

To produce a turbulent flame, the burner was operated 5
with a fuel flow of 1.9 Vmin of propane surrounded by an a

outer air flow of 17 /min, corresponding to a Reynolds 0.24

number of 2000. The ratio of mass flows of air to fuel was - 6 L
to 1. The flame which was produced was thus dominated by
the shear generated by the two mass flows. The flame dis- .. :- -' . 0 . 1. .6, , .-.
played a high degree of large-scale turbulent structures, a . OA DENSITY .,.OLES..CC )( 13-1..

length of 30 cm, and a large amount of sooting. For the (b)
results plotted in Fig. 11, the measurements were made 16.5 2.0-

cm above the fuel tube and directly on the centerline. -

The temperatures were observed to vary greatly from ;
room temperature to near stoichiometric in this flame. A pdf X 1.61

of the temperature data is shown in Filg. 11(a). A 100-K bin -

size was used in this plot. The data show a wide temperature •
distribution for this flame. This wide temperature distnibu- u
tion and temperature fluctuations indicated by these data are 0'
typical of values obtained at downstream locations in turbu- E

lent-jet diffusion flames." The N2-concentration pdf for the t>
N2-concentration data is shown in Fig. 11 (b). The bin size in x ,
this plot is 1.OX l0l molecules/cm3 . The concentration
shows a dominant peak at 3.OX 10'8 molecules/cm', which
corresponds to the hot-flame zones, the higher concentra- 3200 60s 106 148S eo 227,;S

tions of N, being due to low-temperature regions. The cross T(€PE-ATuPE (KELVIN)

correlation between the simultaneous temperature and N2  (c

concentration is shown in Fig. 1 (c). Superimposed on these FiG. 10. Data obtained in the near-stoichiometric premixed flame (al Tern-

data are results from the adiabatic flame calculation for the perature pdf, (b) concentration pdf, and Jc) correlation plot of temperature

propane-air flame. The upper line corresponds to a fuel-lean and concentration vs adiabatic-equilibrium-calculation results (solid)
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apparatus is quite capable of obtaining temperatures and
species concentrations in turbulent, sooty flame environ--

ments.
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2.2 ERROR ANALYSIS OF CARS THERMOMETRY AND SPECIES-CONCENTRATION MEASUREMENTS

An assessment of the requirements of a CARS instrument for combustion diagnos-

tics is given in a paper entitled, "Assessment of the Application of CARS to

Combustion Diagnostics," which was published in Lasers '80. This paper, which

* is included on the following pages, gives a brief introduction to error analy-

* sis and the potential effects of turbulence upon CARS. A more detailed dis-

-~ cussion follows.
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ABSTRACT N -. -.

The application of CARS to the diagnostics of turbulent combustion media is examined, and
problems incurred in thermometry and concentration measurements employing this technique are
discussed. For thermometry, these problems include the dynamic-range limitations of the
multichannel-analyzer detectors and the extensive computer time required to reduce Q-branch
data to temperatures. Problems associated with concentration measurements include turbulence
induced intensity losses and the requirement for simultaneous temperature measurements.

I. Introduction

Light-scattering and wave-mixing spectroscopic techniques are playing an ever-increasing
role in the broad area of optical diagnostics. Spontaneous Raman scattering has received
much attention for remote point probing of flames; 1 however, due to its low signal levels
and incoherent nature, it is generally limited to investigations of relatively clean com-
bustion media. Consequently, many flames of practical interest (e.g., hydrocarbon-fueled,
turbulent diffusion flames) may be beyond its range of applicability. With the increasing
emphasis on alternative--and generally less clean--fuels, new diagnostic techniques are
being developed and refined. Coherent anti-Stokes Raman spectroscopy (CARS) is one such
technique.

Some of the major attractions of the CARS technique include large discrimination cap-
abilities against background luminosity, laser-induced fluorescence, and particulate inter- .'""

ferences; 2 very high S/N levels which make it capable of probing practical combustion
environments successfully over a broad range of operating conditions; 3 and the ability to
obtain temperature and species concentration instantaneously, making the technique ideal for
the study of fluid-dynamic variables in turbulent combustion. 4  It is the purpose of this ",p -
paper to report on the advances that have been made toward the application of the CARS . "
technique to the study of turbulent combustion environments.

II. Thermometry

A major application of CARS is the utilization of the technique for thermometry in flame %
environments. The primary species studied in flames has been N2 because of its abundance.
To determine the temperature from an N2 Q-branch spectrum, one must calculate the CARS
spectrum as a function of temperature, based upon the third-order nonlinear susceptibility, . . -

X -), expressed by

X(3) = n r+(I)

where Xn is the nonresonant contribution and Xr is the Raman resonant contribution to the
third-order susceptibility. Xr is given by

do,

Xr r-A - iF(vJ) (2)

where N is the total number density of the species being probed; A(v,J) is the population
difference between the states involved in the Raman transition; ar is the frequency of ,
the Raman transition, A is the frequency difference between the pump, wl, and the probe,
w2; P(v,J) is the HWHM of the Raman transition; and (do/dQ)v,J is the Raman scattering cross
section defined for Q-branches as
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] ( [ .J2] (v 1(

where a is the spherical part of the polarizability and bY is the anisotropic part which N
usually has a weak J dependence. The corresponding CARS power is given by 5

Pa() = Pl(ml)dwf Pl(W-A)P2 [wl (W ([) 2d (4)
a 1"

where P1 is the spectral power of the pump laser and P2 is the spectral power of the probe
laser.

In the normal course of calculating a CARS spectrum, the third-order susceptibility is
generated according to Eqs. (1) and (2) and then X( 3 )I 2 is convolved over the pump and
probe laser linewidths as dictated by Eq. (4). Another convolution over the detector-slit
function, however, must be made before the calculated spectrum can be compared to the
experimentally observed one. A nonlinear least-squares program as been developed to fit
the observed experimental spectrum as a function of temperature. The program is based upon
the iterative matrix equation

A P (J J)-I J t ( ).

.th
where ,J is the Jacobian matrix whose elements are defined by Jik = dli/dPk (Ii is the i
intensity and Pk the kth parameter); J+ is the transpose of the J matrix; LO is the matrix
with elements itA = liobs - lical (where liobs is the ith observed experimental intensity
and lical the ith calculated intensity); and AP is the correction matrix whose elements
contain the corrections to be made upon the parameters which are varied. Figure 1 depicts a
fit that was made to a single-shot spectrum obtained from a premixed propane burner. p
Effect of Linewidths Upon Temperature Measurements.

As outlined above, the temperature of a combustion medium can be estimated by obtaining ...

the best fit of a calculated spectrum to an experimentally determined one. To achieve this %
fit, temperature and linewidth can be used as adjustable parameters if the J dependence upon -,

the linewidth in the Q-branch is neglected. This approach has yielded excellent results for
laminar laboratory flames where the temperature has been determined by other methods such as
the line-reversal technique. 4 However, it would be advantageous to gain a better under-
standing of the linewidth problem to improve the reduction of CARS data to temperatures and
species concentrations. The latter case presents a much more difficult problem and will be
discussed later.

The primary mechanisms for spectral line broadening in a combustion medium are molecular
collisions and the Doppler effect. The linewidths depend upon temperature, pressure, and ,
composition of the medium as well as the J value of the line. Collisional effects, as
demonstrated for the case of hydrogen, may cause narrowing or broadening of the spectral
line.' Fortunately, collisional narrowing can be neglected for most species. However, it
does present a special problem for the analysis of hydrogen data, and additional work is %
required for proper analysis of H, data in combustion environments. As an approximation,
the collisional linewidth can be expressed as a function of the optical collisional fre- .
guency,8 which yields, for the half-intensity breadth,

1 (6)
0

where :o is the time between collisions. From kinetic theory one obtains, for a gas com-
posed of a single species,

r 4N / 2 (7)

3where o is the optical collisional diameter which may be 10 to 10 times greater than the

value obtained from kinetic-theory experiments For N2 this yields an estimated half-
intensity breadth between 2 x 10 -1 and 2 - 10 - cm at atmospheric pressure and room
temperature. If one assumes that the collisional diameter is independent of the velocity
of the molecules, then r should depend upon T-1 /2 . This assumption appears to be in C-7%
reasonable agreement for N2 linewidth measurements using CARS.v A review of recent
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experiments and theoret ical developments in the area of Raman I ine shapcs is given by ,
Sri vast ava and Zo i di i  The theory was compared with experimental CARS data for the' N
Q-branch by Rahn, Owyoung, Colhin, and Koszykowski.1 1  Although these data indicate that the
J dependence is weak, a sufficient change in I' occurs to warrant the inclusion of this
effect in calculated spectra. Additional work is required to investigate the effect of
neglecting the J dependence when temperatures are determined by fitting measured Q-branch
spectra to calculated spectra.

As the temperature of the combustion gas increases for a given pressure, the effect of
* Doppler broadening becomes more important. Thus, the linewidth becomes a combination of
*r Doppler and collisional broadening. If colisional narrowing is neglected, it can be shown

that the anti-Stokes susceptibility becomes /

(3) = K((4/,)In2 I / 2  d& 2 2

) Kv,j WD wrVj)+__i(v,j ex - 4(ln2) WDi (8) ...

v,J

where
4

= NcIdol
KV'J 31-- 4 -(d v,J e?

and AtD is the Doppler width for forward Raman scattering given by

2 1/2
Aw D  wj[8(ln2)kT/mc2] I /  

(9)

If one lets

2(1n2) i/2.e. t = :.D."
AW D

the equation for X (w) becomes

/() -K e - t (10)ln2 ' '

vJ "..''..
vJ

where z = [(w - wr ir(vJ)12(ln2) /AuD

If r * 0, it can be shown that in this Doppler limit, the expression reduces to

(3) K2 1/2 2 - -.
.' ' 

( 3 ) ) ie - 2 v7e j t  
(11%

V 2 i etd
-Zw

e j dt

0

*. (Dawson's integral) is tabulated in Ref. (12) and z 2(ln2) - r)/.D. The efect of "-:
the real part is to increase the halfwidth of the Doppler line and to increase the wings. .
At first , the real part was estimated to be small. With this assumption the width of

!-3)(,,) - in the Doppler limit becomes AwD/V. later it was shown that the real part doe" '
* contribute significantly and that the halfwidth is - 1.22 Awlp for a Doppler-broadencd CARS

* line.1 3

. If Awl - 0, the Caussian function in Eq. (8) becomes a 5-function, and one obtains the
* ordinary collisional broadened line. However, in high-temperature regions of a comnustion
* medium, Doppler broadenigg can become significant. For example, at 2000K the Doppler sidth

for N2 becomes 2.4 x 10 - which is comparable to the collisional width at atmospheric ,
pressure. The J dependence for the total linewidth would he reduced under these condition-.
When it is necessary to include Doppler broadening, jy(3)(u)I can be estimated by usin, . i, i ,
(8), if the nonresonant background is not significant. hen the . dependence is knon,
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then the temperature can be determined by fitting calculated data to experimental data using '..',
temperature and F as adjustable parameters.

Lxperimental Setup

The laser system used most often in performing CARS measurements in combustion studies is
the Nd:YAG-dye laser combination. The Air Force Wright Aeronautical Laboratories/Aero
Propulsion Laboratory CARS setup used for the majority of the studies reported in this paper -
is shown in Fig. 2. The system consists of a Quanta-Ray Nd:YAG laser whose frequency-
doubled output is used to pump a broadband dye laser and to provide the pump beams used in
the CARS process. The broadband dye laser consists of an oscillator-amplifier combination
with a 30% lasing efficiency. An optical delay line (M8,M9,N10) is incorporated into the
scheme to provide a temporal match between the Nd:YAG- and dye-laser pulses. The Nd:YAG and
dye beams in the BOXCARS orientation are crossed and focused by lens LS into the premix
lurner flame. Beam splitter BSS splits off - 30% of the three beams and forms the reference
leg. This path is used for normalization and species-concentration determinations. The
resulting CARS signals in both the sample and reference are predispersed by Pellen Broka
prisms and coupled into a SPEX 1702 monochromator by periscopes PS2 and PS3.

A Tracor-Northern TN1710 DARSS reticon is used as the detector. The DARSS unit consists
of a linear (one-dimensional) diode-array (reticon) detector element in conjunction with a
photo-cathode intensifier. The overall sensitivity of the device is similar to that of the
O.NLA unit, which is about 50% of a common S-20 response photomultiplier. This was found to
be more than adequate for most combustion studies. The major advantages of the DARSS over
the O,.A are the larger linear-dynamic range, the lack of blooming or cross-talk between
channels of the detector, and the better electronic support offered by the TN1710 control
unit. To circumvent the single dimensionality of the Tracor-Northern DARSS detector, the
entrance slit of the monochromator is rotated 90' from its usual vertical position to a --
h1orizontal position. This allows the two CARS signals to be aligned on different regions of "--
the DARSS detector, as shown in Fig. 3. The two CARS signals are then recorded simultane-

* ouslv by the DARSS and analyzed at a later date. This configuration allows simultaneous
determination of temperature and species concentration.

Temperature Measurements in Turbulent Flames

To characterize a turbulent system, measurements must ce made faster than the system's
variation. For turbulent combustion systems this requires measurement speeds of - 10 kHz,
if turbulent data are to be collected in real time. Such data rates are not technically
feasible at present due to laser as well as detectcr limitations. The Nd:YAd laser systems
normally employed have an optimum repetition rate of only 10 Hz which is far from the tens-
of-kilohertz rate needed. However, with a 10-Hz system, many problems still must be ever-
come before data can be taken. The ONIA device which is used will ultimately limit the
repetition rate which is feasible.

A problem associated with multichannel-analyzer devices is the limitation in the linear
uvnamic range in single-shot operation. An estimate of the dymanic range which is required
for studying a turbulent flame can be gained from consideration of the change in the intcn-
sit" of the CARS signal .,ith a temperature variation of no to 2200K. -he change in the
4ntcnsitv of the fundamental band of the Q-hrand of 1'; 240 for this tor erature range.
However, to determine a temperature from the Q r b spect rum above 1200K, a measurement
must also be made of the hotband intensitv. At '2i001 the hoband intensity is one-lfifth
that of the fundamental. Beca,:se of the backvronJ vai-ation of the ,MA detectors, a
signal of at least 20 counts must be maintai:neJ ;. ;I,_, hoth.nd i it is to be used for
temperature determination. Thus, a dynamic r: o IS0 to I must he mlintained by the
OMA detector. Most ('1, devices, .however, hl..c -I,.' a '(W-count dyn.mic range during single-
shot operation. Since no 0',1A devices--either vidi-ai or reticon--exist today which have
the vast dynamic range required for this t mpelature -,g ir,, alternative approaches' must bepursued. '-%

Ornc possihle alternative is the use of two OM.1 etectors and a beam splitter arranged in
such ;d. that one detector ii 20 t ome, :ore sen,,itive than the other. This would (l.

result in the changino, of the single-vhot drange fro - - 40 000/1 . uch
:in pproacLh- hile possI!)le- - is cost prohibi i1 A se cond alteruat ivo would be to i 1 tor "-
a parameter other than the N, Q-branch 'hich is indicative of temperature. Such a parameter
is the nonresonant susceptibil ity, x43), which in described by

b,here di and are tihe percent concentrat on and the nonresonant susceptibility of the
1h 1)ecI e respe c ively. The onresonant AIlS 1,,i ; is given h\
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dePt K N 2 present whP is inesl (1j3)

where NT is the total number density of all species present, which is inversely proportional
to the temperature. Normalizing the signal with a power reference to cancel any power
fluctuations of the lasers results in

p 1 2 (3) 2
p= a Kexp (7) I (14)

p a K Kexp (-R) 1Xn I

under conditions of constant pressure. Ratioing Eq. (14) to the results of a measurement
made on a standard gas yields

1 , 12 (3)
T )I Xn 

i
' a (T ) s F n7 s' r

and rearranging Eq. (15) to solve for the temperature yields

T ~ (T) (16)

The temperature is thus reduced to a simple ratio of the integrated nonresonant signal
produced by the flame to that of a standard gas. It is also a function, however, of the
relative change in the third-order susceptibility between the standard gas and the experi-
mental composition. Studies of the nonresonant susceptibility for flames have indicated
thatth 3) can vary by as much as 40% throughout the flame.

1

Equilibrium flame calculations have been made for a propane-fueled flame to determine J
the variation of X n as a function of tempera Te, and the results are depicted in Fig. 4.
The calculations indicate that two different % T's can be obtained for a given temperature,
depending upon whether the measurement is made in a fuel-rich or lean region. Figure S is
a plot of the temperature as a function of TsVT-'7P . This plot indicates that for a
.given Ts-fi ' , two temperatures are possible. The largest uncertainities in the tempera-

ture according to Fig. 5 are encountered when the fuel-to-air mixture is near stochiometric.
Here the difference in temperature between the fuel-rich and lean cases is - 70K. By
taking an average of these cases, an error of only ± 35K is incurred at the high-temperature
end, making the technique quite attractive. The technique has the advantage of being
independent of linewidth parameters--parameters to which the standard CARS techniques are
highly sensitive. The second major advantage of such a technique is that extreme fluctua-
tions in signal are no longer encountered. For a variation in temperature between 300 and
2200K, a variation in the CARS nonresonant signal level of only 44 would be observed. This W
is - 19 times smaller than the N2 Q-branch variation for the same temperature range.
Because the temperature determined by the nonresonant susceptibility depends upon the , .

integrated intensity and not upon the band shape, the OMA device can be replaced by more
sensitive photomultipliers. This is important for two reasons. First, while the signal
levels for N2 are relatively strong for room air, the nonresonant signal levels are - 10 3

times weaker. The added sensitivity of the photomultiplier compensates for the overall
lower signal levels. The nonresonant signal levels can be further improved by switching
from the broadband dye laser employed for N2 to a narrow-band laser which can concentrate
more of the power of the laser into a smaller region and thus increase the S/N ratio of the
CARS signal. The second advantage of using photomultipliers is that the signal processing %

-S. is no longer limited to the 30-Hz maximum rates of the DARSS detector. In fact l0-kH: data _ -._

rates are possible at a relatively low cost. Thus, nonresonant temperature determinations
offer the possibility of operating at the 10-Hz rates of available laser systems without
difficulty.

Another important feature of the nonresonant technique is the reduction in processing
. time necessary to determine the temperature from the experimental data. In the case of an

N2 Q-branch, the spectrum must be fitted as described eariler by a nonlinear least-squares '.
iteration. This requires, on the average, about 10 sec. per spectrum. At a rate of 10 I:,

* 1 sec. of experimental data would require 100 sec. of computer processing time. To study a Z._
turbulent combustion system, data must be taken for hours at a time which would mean that
hundreds of hours would be required for processing the data. However, in order to determine

4."..
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temperatures from the nonresonant signal, Lq. (15) must be solved which, for a computer, is
an extremely fast process. Thus, the experimental data could be processed and temperatures
determined in the 100-ms between laser pulses.

To test the nonresonant method for determining temperatures, a study was conducted on a %
propane-air premixed burner. Mteasurements conducted on this flame with the nonresonant
technique indicate a temperature of 2203K - 40K. Previous measurements conducted on this
flame with both the resonant CARS and sodium-line-reversal techniques with the same flow
rates yielded temperatures of 22-0 * 50K and :240 t 30K, respectively. 6 The nonresonant
method is presently being testea .n turbulent combustion media at this laboratory.

III. Concenitration Measurements

To obtain single-shot number densities, either an absolute or a relative measurement of
the integrated CARS intensity of the Raman transition must be made. The former is extremely
difficult--if not impossible-in most instances. The latter is performed through the use
of a ratioing technique in which an account of the power fluctuation of the laser systems P,
is also made. The scheme which has proven to be the most reliable for this purpose is a : ,
common lens arrangement described in Ref. 4.

Along with the concentration measurement, a simultaneous temperature measurement must be,.'.. .

made. The magnitude of the error in the concentration measurement due to the variation ofthe temperature can be assessed as follows: The mole fraction on nitrogen X(N2) , as .-.

determined by a CARS measurement, is given by

" TgFN,) Pa2 1/2
X(: 2 ) -0.780 T 2F(N 2 Pa2 12  (17) ,

where T7 Tflam P,2 is the anti-Stokes power at T2 ; T1 is the calibration temperature;
Pal is the anti-Stokes power at T,; and F(N2 ) is the temperature-dependent correlation
factor. The term F(N2) is a temperature-dependent quantum-mechanical function which takes
into account the ideal gas law, number densities, nuclear-spin degeneracies, and number of
rotational levels. F(N2) ranges from 1.0 at T2  300K to 2.0 at T2 = 2100K. Thus, for
small variances in T2 ,

aF(N2 )(82) 0 (18)
TF T-

Performing the necessary differentiation of Eq. (17) and simplifying yields the following
relationship for the relative error in the concentration measurement: .'. .

22 2 l 1 2
E[x(N2)] =1E(T I  + E(T 2 ) + 1/4 E(I 2) +1/4 E 1 (19)

%'.

From this relationship, it can be seen that the major contributors to Etx(N-)] are E(T1 ) %' %
and L(T 2 ). Thus, the associated error in the temperature determination due-to instrumental "
factors as well as turbulence has a large effect upon the precision of the concentration
measurement. Simultaneous determination of temperature and number density assures that the
relative error introduced due to turbulence during time-averaged measurements will not
enter into the concentration measurement. Simultaneous measurements are possible because
the general shape of the Q-branch profile can be used to determine the temperature, while
the integrated area of the Q-branch can bc used to determine the concentration. Figure b
presents data obtained from a series of simultaneous temperature and concentration measure-
ments which were performed on a propane-fueled flame. 4  _

Effect of Linewidth Upon Density Measurements

As previously discussed, density measurements can be related to the integrated CARS Q-
branch spectrum of a molecule. To reduce this measurement to number density, it is also
necessary to measure simultaneously the temperature of the combustion medium and the
integrated CARS Q-hranch spectrum of a reference cell of knuwn molecular concentration and
temperature. Unfortunately, the integrated intensity is approximately inversely propor-
tional to the linewidth. Since the linewidth of the reference species is different from
that of the cumbustion species, relatively large errors in the measured concentration can
occur. The correction For linewidth differences is especially difficult because the compo-
sition and temperature of the t,o media differ greatly.
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If the spectral power of the broadband dye laser is assumed to be constant, nonresonant
interferences are assumed to be insignificant, and Doppler broadening as well as the J
dependence of rj is neglected, then the measured number density may be expressed as

=(PINT reff(Tr) F(T)1/2 N0
7Y\' c reff(Tcrc Nc (20)

where

eff = " F(T) = A 2; Gj, 8AjAt,
2c

1+ r1 Z FXj'(CT)J

PINT is the integrated CARS power; and the subscript c refers to the ,orresponding calibra-
tion gas. If the interference between lines is small (wj - d' - 4F ), then reff - r.
This is usually not the case, and reff must be calculated or measured. Measurements based
upon the assumption of a constant optW I cross section and empirical data for reff at
room temperature have been completed. Although the results were reasonable, it was not
possible to assess the precision and accuracy of the measurements. An assessment of the C
errors requires that the linewidth problem and laser modes be treated in a more realistic

, manner, and comparisons must be made in media of known number density at combustion tempera-
. tures and pressures.
-- i

Since the Doppler width becomes comparable to the collisional width at the higher com-
* bustion temperatures, its effect unon number-density measurements should also be considered.

To do this, the expression for X( 3M given by Eq. (8) must be used to calculate the inte-
grated CARS power. If r(T,P) is known with sufficient accuracy, this approach is more
realistic; it will be given consideration in future work. The effect of collisional
narrowing, however, still must be addressed for molecules such as H2.

Turbulence Effects Upon CARS Intensities and a Scheme for Their Compensation

Spatial gas-density gradients typical of turbulent combustion translate directly into
refractive-index gradients. Such gradients--if severe--can produce phase distortion,
steering, and beam spreading 1 6 of the incident pump and Stokes laser beams and reduce the
efficiency of the CARS process. These effects can be especially severe for BOXCARS tech-
niques since the beams which are spatially separated and crossed only at their foci traverse
different paths through the turbulent medium and, therefore, can be randomly steered with
respect to each other by the turbulence. This random steering of the beams can result in a
variation in beam overlap and thus in CARS efficiency. In the collinear-CARS case, beam
spreading rather than steering is the effect of major concern since the pump and Stokes
beams are overlapped; and even though steering of the beams does take place, the beams are
steered approximately the same amount. The net effect of such steering is to introduce an

"* uncertainity concerning the exact region where the CARS measurement is taking place. TheI , •

effect of spreading the pump and Stokes beams, however, is to increase the focal spot size
- with a subsequent reduction in the CARS intensity. This decrease in CARS intensity due to

turbulence does not affect the temperature measurement since it depends upon the band
profile rather than the absolute intensity, but it has the potential to have a great effect .S

upon the intensity-dependent concentration measurement. Thus, it is imperative that the
effects of turbulence upon the generation of the CARS signal be evaluated critically if
accurate number densities are to be obtained by means of this technique.

To theoretically evaluate the effect of turbulence upon the CARS intensity, two different
approaches can be taken. The first involves the application of the focused-beam solution
of the wave equations for the pump and Stokes waves to calculate the third-order polariza-
tion, p3) For this case the solution for the electromagnetic wave at the anti-Stokes
frequency, Ea, may be placed in the integral form

E. ./ (21)
''E( ,t) =1/c a(r, )d '1

a r

where t' = t - j r -r'l /c. As can be seen from Eq. (21), the evaluation of this integral
requires an explicit expression for the focused pum and Stokes waves. Although approximate

analytical expressions for E and E. are available, 8 it is not possible to carry out the
integration to yield a closes form. An easier approach to the problem utilizes the plane-

* wave solution for the anti-Stokes intensity at the focal volume. 1 9 This method yields the
approximate solution J.
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where la and Is are the corresponding spectral intensities; IF is the intensity of the

monochromatic pump; and 5 is the frequency deviation of the broad-band Stokes wave from the

resonant condition ws - wp -r. .8

A complete analysis of the effect of turbulence upon the generation of CARS requires a
solution of Eq. (21), which is a very difficult task. However, in a turbulent medium the
focal spot increases in size and is also displaced from the nonturbulent position in a
statistical way from pulse to pulse. The change in the spot size should have the greatest
effect upon the CARS signal since this reduces the intensities in the focal volume. For
this case, the plane-wave solution yields

/ 2 : 2 pp

at Ae (4-2- 3,X Z e P5  (23)c Y

where Ae is the effective area of the focal spot and Ze is the corresponding distance over
which the major portion of the CARS signal is generated. From geometrical considerations,
it is reasonable to postulate that the value of 

2e increases with Ae such that

2Z e kA (24)4-w.

where k is a constant. Thus, the ratio of the anti-Stokes power for a nonturbulent medium

to that for a corresponding turbulent medium can be estimated from Eqs. (23) and (24)
to yield

P P. A D 2a-a ant = et e ti()
.4_ p - 5 -

at at]int .e e

where the subscript t is used for parameters corresponding to the turbulent medium and the
subscript int indicates the integration over frequency.

Since turbulence affects beam propagation by inducing random fluctuations in the index
"% of refraction within the medium, two gases having a large difference in their refractive

indices can he mixed in a turbulent jet to produce a small turbulent field. Thus, to
investigate the effects of turbulence upon beam propagation and the generation of CARS
signals, the turbulent generator shown in Fig. 7 was employed. To make the turbulent field
produced by the generator as uniform as possible, the nozzles of the generator were made by
photographically producing an etching pattern on copper-clad epoxy plates. The copper was
etched away in a pattern which formed six nozzles on each plate when the plate was sand-
wiched between separating plates. The nozzles were fed from the large openings in the

A plate which, in turn, were fed from the header. Alternating the orientations of the %
plates allowed for feeding even- and odd-numbered nozzle rows with two different gases in
order to generate a turbulent mixing medium.

The CARS experimental setup for studying the turbulent effects shown in Fig. 8(a) was
the same as that employed for the simultaneous temperature-species concentration measure-

' ments, with the exception that a collinear rather than a BOXCARS arrangement was employed b

. for the turbulence studies. The turbulent generator in these studies was placed between
the focusing lens and its focus in the sample leg and kept well away from the focal region -

e,'r where the majority of the CARS signal is produced. This procedure ensured that any loss in
P • the CARS signal would be due primarily to turbulence effects and not to number-density

changes resulting from helium being introduced into the focal volume. •6

In order to study the variation in spot size after propagation through turbulence, a
small portion of the pump and Stokes beams was split off from the sample path just after
focus. The split beams were then coupled onto a PAR 1205 OMA detector which allowed
recording of the spread of the focal spot. Figure 9 shows the effects of turbulence upon
the spot size and upon the CARS intensity as recorded by the setup described above. As can
be seen from Fig. 9(a), with the use of air only (and no hel ium flow) , the focal spot is
* harp and well defined; the resulting CARS signal from the sample path is strong. However,
when the helium is allowed to flow, the focal spot expands drastically with a corresponding
decrease in the CARS intensity in the sample leg as sho%,n in Fig. 9(b) The effect of

*4,%

.0'

22

Nil-. .4



introducing this type of turbulence in the beam path, in this case, was a factor-of-cleven
reduction in intensity, with a corresponding 330% error in the concentration measurement.

Figure 10 shows the results of a detailed study of the variation of the CARS intensity
as a function of turbulent-generator position. Along with the relative CARS signal, the
relative beani spread as measured by the OMA setup is displayed. The x-axis represents the
distance of the generator from the focus of a 42-cm. -focal -length lens. As indicated by

the experimental curves, the relative CARS signal decreases as the distance from the
generator to the focal region of the beam increases. Conversely the beam spread increases.
A calculation of the natural log of the relative intensity as a lunction of the natural log
of the inverse of the relative beam spread indicates, however, that the intensity varies
not as the square of the inverse of the beam spread [see Eq. (25)] but linearly as the %
inverse of the beam spread. An important clue concerning the reason for this result was
obtained when it was noted that a 90-deg. rotation of the OMA,which resulted in the rectan- %
gular target being perpendicular to the beam propagation,gave little indication that the
beam was spreading. Imaging the beam upon the laboratory wall allowed the visual assessment
that the beam was spreading in only one direction. The spread, in fact, was perpendicular
to the flow of the helium-air turbulence, indicating that the turbulence was not completely
random in nature. This one-dimensional spreading by the turbulent field results in a

Ilinear inverse dependence of the CARS intensity upon the beam spread, as indicated. _

Because of the large errors that can be introduced into the concentration measurement,
it is imperative that some means of compensating for this turbulence be developed. What was
considered to be the most promising approach was a novel reference scheme proposed by Ultee -J
and reported by Shirley 2'0 for background-free CARS spectra, i.e., high major species con-
centrations or low concentrations with the background canceled. This scheme involved the
use of a nonresonant signal as an in situ reference. In the above-cited report, it was
proposed that a two-component dye I-aseFe employed to produce both a resonant and a non-
resonant signal; the temperature could be determined from the resonant, and the nonresonant
could serve as a calibration source for the concentration measurement since it is a measure
of the total number of molecules present in the measurement volume. It was also noted that
such a measurement approach would be immune to medium extinction and refraction effects
since all beams would be similarly affected, thus making it an ideal method for turbulent
compensation.

The in situ reference scheme works in the following manner. The anti-Stokes power of the
normal resonant CARS signal can be expressed as ,

p= C(T ,l) KN~ 2 2 Ps (26)1r i p sr

where Ni is the concentration of the ith species being probed; P is the power of the pump
9beam; Psr is the power of the Stokes beam for the resonant signal: K is the appropriate

proportionality constant which depends upon the focused beam geometry; and C(T,7) is a
complex function which depends upon the temperature, T, and the Raman linewidth, F, and
represents the integration of the third-order susceptibility over the frequency region of
interest for the resonant signal. The nonresonant signal can be expressed in terms of 4

TI ' 2  2%Pn= C'(T,F) K'N P p (27 % %

n T p sn (2)

where NT is the total number density of the gas being probed; Psn is the power of the
Stokes )eam responsible for the nonresonant signal; and C'(T,F) is the appropriate function
for the nonresonant signal.

Ratioing E(qs. (26) and (27) results in _ _ _

P K N P C(T,F)

n K'NT p snC'(T,F) (28)

where the pump power has been canceled. If one assumes that the two Stokes beams fluctuate
in the same manner, Eq. (28) indicates that only the nonresonant reference is required to
compensate for turbulence and allow concentration measurements to be made. If the ratio of
the Stokes beams does not remain constant for all laser pul:;es, then Eq. (28) must he
modified for incorporation of a power reference. The power reference consists of making
measurements on a standard gas such as room air simultaneously with the sample measurements
and ratioing these values to cancel the shot-to-shot fluctuations in the Stokes beams. This
results in
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2P C(Tr)N2

Pn C' (T, r)N'

PS C(TS Pr ) (N s (29)

P'f C'(T 5 Pr )(NT)

where s denotes the standard gas measurement.

The ratio of C(T,r) to C'(Tr) can be estimated from theory if the temperature is simul-
taneously measured and reasonable approximations for linewidths determined. For the measure-
ments at room air presented in this paper, C(T,P) = C(Ts,rs) and C'(T,P) = C'(Ts,rs);
thus, these quantities cancel. Equation (29) indicates that by ratioing the resonant and
nonresonant signals of the sample and a standard reference which are simultaneously pro-
duced, the effects of turbulence on beam extinction in adverse environments can be com-
pensated. Figure 8(b) depicts the dye-laser setup used for producing the broadband and
narrow-band Stokes beams required for the experiment. A grazing-angle prism 21 was used for
beam expansion; this allowed for one-half the beam to be incident upon a total reflector
which produced Ihe broadband Stokes output and the other half to be incident upon a 600-
groove/mm 5000-A blazed grating which accounted for the narrow nonresonant Stokes output.
The output of the dye laser was then amplified and directed to the turbulent region, as . ,
shown in Fig. 8(a). The broadband output of the dye laser was used to produce the N2 Q- %%,
branch signal. The narrow-band dye was tuned away from the resonant CARS transition and
used for the nonresonant CARS signals. The narrow-band Stokes beam was employed for the
nonresonant signal to enhance the signal level of the weak process. The incorporation of
the in situ nonresonant Stokes output results in an additional peak being displayed by the
Tracor-No-rthern 1710-DARSS multichannel analyzer for both the sample and reference legs.
The correlations of the nonresonant signals and the resonant signals in the sample and "-.-: •
reference paths without turbulent flow were typically better than 97%.

Figure 11 depicts the results obtained by use of this scheme with and without turbulent
flow. Figure 11(b) shows the display with air flow only. The two peaks at the left of the
display are from the reference path which experienced no turbulence, and the two peaks at
the right are from the sample path in which the generator was located. Figure 11(a) dis- d
plays the results when helium is allowed to flow, forming a turbulent mixing region. As
can be seen, the peaks in the sample path are lower in intensity than those obtained without i.-.
helium flow,; however, both the nonresonant and resonant peaks decreased by the same per- "%,.-
centage. Thus, through normalization of the resonant signal by the nonresonant in situ
reference, one can compensate for the effect of the helium-produced turbulence.

The experimental results obtained during the study are shown in Table I. In the non-
turbulent study, the resonant signals in the sample and reference path were averaged for *.__
twenty shots and ratioed, which compensated for any power fluctuations for the resonant
signals. The nonresonant signals obtained simultaneously with the resonant signals were
avera.ged over the same twenty shots and ratioed, which compensated for any power fluctua-
tions for the nonresonant signals. Similar ratios were obtained for the turbulence study
on twenty single shots. Comparing the ratios of the resonant and nonresonant signals with
and without turbulence indicated that although the absolute values of the resonant and
nonresonant signals were decreased in the turbulent case, the ratios of resonant to non-
resonant signals remained the same within experimental error (0.2714 and 0.2805, respec-
tively). Thus, although turbulence produces a signal loss in the resonant sample path, the
same percentage loss was experienced in the nonresonant sample; by ratioing the two signals,
the loss was compensated. Also listed in Table I are the concentrations that were obtained
with and without the compensation technique for the turbulence data. Without the compensa-
ring technique, the measured N2 concentration was 66.24% + 2.96%; with compensation, it
was 79.43* i 1.831, which is well within the experimental error of the N2 concentration in .
ambient air. These results show that by using this method for turbulence compensation, W ON
accurate intensity information can he obtained without regard to the severity of the
refractive-index change or beam extinction. Immediate applications for this type of method
lie in performing concentration measurements in supersonic, turbulent, and particle-laden
environments. The extension of this technique to combustion environments is presently
being investigated, and the results will be reported at a later date.
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TAIBL I

INTEGRATED INTENSITIES AND RESULTING CONCENTRATIONS FROM CARS MEASUREMENTS -- "
MADE ON THE HELIUM TURBULENT GENERATOR

No Turbulence-
Resonant Nonresonant Ratio (R/N)

= 0.3409 k = 1.257 i = 0.2714
a = 0.0063 a = 0.0355 a = 0.0111

Turbulence

Resonant Nonresonant Ratio (R/N)
R = 0.2463 k = 0.8788 R = 0.2805 %

a = 0.0215 a = 0.0794 a = 0.0139

Concentrations
Without Compensation (%) With Compensation (%)

x = 66.24 i = 79.43
o = 2.96 a = 1.83

Values represent average of 20 points.
hValues normalized to corresponding intensity of power reference. ,@

x = average value, a = standard deviation.

CONCLUSIONS .,_,-,

In conclusion, certain problems are associated with conducting both CARS thermometry and
concentration measurements in turbulent combustive media. For thermometry the major
problem is associated with the limited dynamic range of the OMA detector. However, this
problem can be circumvented by either employing a dual OMA detector arrangement or making a
measurement of the nonresonant susceptibility. The nonresonant temperature method has the
following advantages: (1) it is independent of linewidth parameters; (2) the required
dynamic range is reduced; (3) photomultipliers can be used for the detector, negating the
need for expensive OMA devices; and (4) temperatures can be processed in real time, greatly --
reducing the numerical-processing time requirements. However, the nonresonant temperature
method requires an integrated-intensity measurement of the CARS signal and, therefore,
cannot be employed in extremely turbulent environments since intensity losses due to tur-
bulence effects will produce large errors in the temperature measurement.

For concentration measurements, it has been shown that turbulence can induce large errors
in the CARS integrated-intensity measurement. The major effect of turbulence in the case of
collinear CARS is an increase in the focal spot size which results in a decrease in the
energy density at the focus, with a corresponding loss in the CARS intensity. This effect -
can be compensated by the inclusion of a nonresonant reference which transverses the same
t',rbulence as the normal CARS signal and thus experiences the same intensity losses. This ..

technique, as demonstrated with helium-induced turbulence, can fully compensate for the CARS
intensity losses, thus allowing measurements to be made in extremely turbulent particle-
laden environments. In combustive turbulent environments, a simultaneous determination of
the temperature must be p,:rformed to separate intensity losses due to temperature (and thus
number-density changes) from those due to turbulence effects.
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In a attempt to gain a better understanding of the errors incurred in CARS

single-shot thermometry, an error-analysis study was undertaken. Both sys- A..

tematic and random errors exist which can contribute to an error in the fitted

CARS temperature. These include

Systematic Random

slit function random nature of dye laser

spectral constants diode background

nonresonant susceptibility photon statistics

dye-laser tuning stray light

diode sensitivity

Of the possible errors listed above, the dye laser is thought to be of the

greatest magnitude and, thus, was the focus of this study. To estimate the

error of the measurement, the following procedure was used.
" -. "

A series of 200 nonresonant spectra was recorded. Processing of these spectra

consisted of taking a precalculated CARS spectrum, superimposing the nonreso-

nant spectrum from a given starting point (selectable), and fitting this

distorted spectrum by a least-squares temperature-fitting program. This pro-

cedure was carried out for all 200 nonresonant spectra, as a function of the
starting position. The results are shown in Fig. 1. It is quite evident from

this figure that the band shape of the dye can have a tremendous effect upon

the fitted temperature. In fact, a change in the starting position of only

six channels from 212 to 218 produced a 185-K change in the fitted tempera-
ture. This is the systematic error mentioned earlier. Notice, however, that

the temperature variance is consistently ' 60 K. The temperature variance is -

. .o. ° .,. -. .
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due to the channel-to-channel fluctuation of the dye and is the random error

discussed earlier.

The next step was to attempt to eliminate the systematic error due to the dye

tuning. One method of accomplishing this would be to tune the dye to the cor-

rect frequency, which can be tested via the premixed propane flame and lamp .

-" emissions. However, experience with dye tuning has shown that it is difficult

to fine tune the dye by varying the concentration. A second method involved

taking the average profile (200 shots) and using it to normalize the CARS :.
spectra to account for the dye-tuning error. The results of this procedure, -

shown in Fig. 2, indicate that the systematic error due to dye-laser tuning

can be eliminated by normalization.

Next, a nonresonant reference was tested to eliminate the systematic dye- .,

tuning problem and the random fluctuation error of the dye waveform. The

reference path was adjusted to accommodate a nonresonant cell filled with

1 atm. of propane. Figure 3 displays a single shot of the sample and refer-

ence nonresonant signals. Notice in this figure that the general shape of the

two nonresonant curves is similar; the individual noise on each curve, how-

ever, is different, which suggests that the random-noise error of the dye will

not be eliminated by ratioing to the simultaneously obtained nonresonant

reference.
*%. '.

To determine whether this was the case, a precalculated CARS spectrum was dis- .

torted by the sample waveform, normalized to the reference waveform, and fit-

ted for each of the 200 nonresonant spectra. Channels 138 and 328 were the

starting channels in the reference and sample, respectively. The starting

temperature was 2000 K. The data indicated that while the systematic error
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• .was reduced to 2%, the random error was actually increased. This can be

explained only if the random errors in each waveform are independent and no

correlation exists between the sample and reference. In this case, the error

is given by N

P 2

The errors in the individual measurement were found to be 91 and 78 K; thus,

2 (0.046)2 + (0.039)2

; = 0.0603, 121 K

which corresponds to a temperature uncertainty which is in close agreement

with the observed variance.

* If, instead, one averages the reference spectra to eliminate the random error

" (reducing it by A, where n is 200) and uses this average spectrum to normal-

ize for the dye bandshape, the systematic error is greatly reduced, leaving -

the random error in the original dye waveform.

This study indicates that while the systematic error can be virtually elimi-

nated by ratioing to the nonresonant profile of the sample or a nonresonant

reference, the random channel-to-channel fluctuation of the dye laser cannot

be ratioed out in this manner. Because of this the random error is the limit-

ing error of the CARS measurement and can be improved only by spectra averag-

ing and/or building a quieter dye laser. This error is n, 4% of the measured

temperature which is in good agreement with the observed experimental error1

obtained in propane premixed flame studies.1

V
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To understand the cause-and-effect relationship between the dye waveform and

the random fluctuation observed in the CARS signal, a series of experiments

was conducted in which the dye-laser configuration was varied and the result-

ing dye waveforms and nonresonant CARS signals observed. In particular, a

super-radiant dye laser was tested because of the lack of frequency modes or

modulation observed in these laser systems. .

The super-radiant dye-laser configuration which was employed is shown in Fig.

4. The laser consists of a single oscillator and amplifier pumped in an off-

axial scheme. The output coupler is removed from this laser to minimize feed-

back and the forming of longitudal modes. The spontaneous emission from the ., -

oscillator is amplified and routed to the sample area where the CARS signal is

formed. Since minimal feedback is set up at the oscillator, the output beam

is only partially coherent and displays a high degree of divergence. This

results in a much larger beam waist at the focus and a reduced CARS signal.

However, the dye-laser waveform is very uniform and does not display the ran-

dom fluctuations characteristic of broad-band lasers. The results of the dye-

laser comparisons are given in Table I. The surprising result was that while

the super-radiant dye waveform did not show the frequency modulation typical

of most broad-band lasers, the nonresonant CARS signal produced by this laser

system displayed some modulation. This result indicates that the mode inter-

action between the two pump beams is as important as that between the dye and ..

the pump beams. This suggests that the best combination of lasers would be a

single-mode Nd:YAG and a super-radiant dye.
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TABLE I

RESULTS OF DYE-LASER COMPARISON

Dye-Laser Configuration Average Fluctuation*

(%) :.-

Super-radiant (nonresonant) 4.63

Super-radiant (dye waveform) 1.29

20% Reflector dye (nonresonant) mild pump 6.24

20% Reflector dye (dye waveform) mild pump 2.97

20% Reflector dye (nonresonant) hard pump 4.16 .':

20% Reflector dye (dye waveform) hard pump 2.51

50% Reflector dye (nonresonant) mild pump 6.06

50% Reflector dye (dye waveform) mild pump 3.10

50% Reflector dye (nonresonant) hard pump 5.87

50% Reflector dye (dye waveform) hard pump 2.83

90% Reflector dye (nonresonant) mild pump 6.26

90% Reflector dye (dye waveform) mild pump 3.83

90% Reflector dye (nonresonant) hard pump 5.60 .. .-

90% Reflector dye (dye waveform) hard pump 2.94

•*The average fluctuations were determined by obtaining the average profile *''
of 200 shots and comparing this profile to each individual shot. ' .'
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To document that a corresponding reduction in a resonant CARS signal would

occur with a super-radiant dye laser, a stoichiometric flame was studied. If,

indeed, the random dye waveform fluctuations are reduced, then a corresponding ',

reduction of the temperature fluctuation for a constant temperature source

would be observed.

Typical temperature fluctuations observed with a standard Fabry-Perot cavity
dye laser are on the order of 120 K in a premixed stoichiometric flame. This-

can be reduced to ' 90 K through the use of saturated amplifiers.2  The tem-

perature fluctuations observed while employing the super-radiant dye laser

were v 65 K. The reduction in the random noise of the dye profile substan- ...

tially reduced the measurement uncertainties associated with single-shot CARS

thermometry. Figure 5 displays the temperature pdf obtained in the stoichio-

metric flame. The results of this study with the super-radiant dye laser

indicate that a favorable reduction in the noise and, therefore, thermometry

uncertainties can be obtained by employing such a dye-laser setup and that d'-.

single-shot uncertainties of " 60 K can be obtained even by a low-resolution

instrument.

The uncertainty in a quantity due to the uncertainty in one of its parameters

is given by

2 2 dTGT  I Z-i#(1 -.- -

Letting T be the CARS temperature and I the intensity per channel of the

observed CARS signal, then the uncertainty in the temperature due to the ran-

dom fluctuation of the dye and thus the CARS signal is given in terms of the ..

magnitude of the intensity uncertainties and the sensitivity of the tempera-

ture to a change in the intensity for each channel (or wavelength). To

40

.. %'-.5'.

• .5' .



44

v -

0. c4) e-

S_ +1-

4E

% LA

414-



-. ' , ".

determine the temperature uncertainty due to the random fluctuations of the

dye laser, the fluctuations obtained with the super-radiant dye laser were

examined. The stoichiometric 1000-shot data set discussed earlier was aver-

aged and the individual single shots compared to the averaged spectrum to

determine a deviation. This yielded an experimentally measured deviation in

0 I of 3.2% + 0.8%. This value can then be used to calculate the temperature ,. .).

uncertainty for the super-radiant studies. The results of this calculation

indicated a temperature uncertainty of nu 30 K. This is approximately one-half

the observed value based upon 1000 shots. If, instead, the value 2aI is used

in Eq. (1), the experimentally observed uncertainties are obtained (see Fig. .

6).

According to Eq. (1) the temperature uncertainty obtained with a given dye

laser depends linearly upon the channel-to-channel intensity fluctuations of

that dye laser. The channel-to-channel intensity fluctuation can be expressed

as

I  l - l(2)

where Ii is the ith channel intensity; Iavg is the average intensity for the

ith channel; and N is the number of channels used to obtain the data. Substi-

tuting Eq. (2) into Eq. (1) indicates that the temperature uncertainty varies

directly with the dye fluctuations but as the inverse square root of the num- --

ber of channels or the resolution of the instrument. Thus, it appears that

one can reduce 0T by simply increasing the resolution of the CARS instrument.

An increased resolution would also favor the derivative dI/dT. However, as

the resolution of the instrument is increased, more and more of the mode
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beating of the dye and pump lasers can be observed, increasing aI which

results in a limit to the increase in accuracy of single-shot CARS thermometry

to about 50 K with a standard dye laser. This phenomenon can be observed in

the high-resolution study reported in Ref. 3. By reducing or eliminating the ..

mode-beating modulation of the dye laser such as with the use of a super-
radiant dye and using a single-mode Nd:YAG laser, better accuracies should be

obtainable by converting to a high-resolution CARS instrument.

Concentration-Error Analysis

The number density as determined from the integrated-CARS-intensity measure-

ment for a major species (concentration > 20% by volume) in an atmospheric

flame is given by4

N N RT PT (3)

3000

where NT is the nitrogen number density at temperature T; N300 is the nitro-

gen number density at 300 K; RT is the ratio of the integrated bandshapes ofT
the CARS spectrum at 300 K to the CARS spectrum at temperature T; PT is the

experimentally measured integrated CARS power at temperature T; and P300 is

the experimentally measured integrated CARS power at 300 K. The ratio RT
T

takes into account the change in the Raman linewidths and population redis- 
..

tribution with temperature. The probable error in the measurement of NT from

probable errors in RT, PT' and P300 (assuming no intensity losses due to tur-

IV
bulence effects) is given by

S NT2  AR 2 AP o0 + PNT 2T1/2 (4)ANT L -T)T,P 3o + r ~)TPO P
TI30 -O0R T,P T  T' -TR,300
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Combining Eqs. (3) and (4), performing the differentiation, and simplifying

yields
(P300)2]112

E(N) r[E(R) 2 + E(P) 2 + E(P)1 /2 (5)T) T T) 300

The uncertainty in PT and P300 without turbulence and assuming no problems

from photon statistics (due to the large signal levels) is the correlation

error observed between the sample and reference (" 6%).

The uncertainty in R1 is due to the temperature uncertainty. RT is defined by

RT il(w3- 6) Ixi(')ioo d 6 dw3  (6)

f iI (w3" 6) Ix(W)IT d 6 d,,3  5"

,,,,..

This ratio takes into account the variation of the Raman linewidths and the

populational redistribution with temperature. The uncertainty in RT due to an

uncertainty in T is given by5

1.-1 1 ,aRT\ 2 (7):::::~ TN (7)t 'r),,
T

The measured temperature uncertainty is -- 4% with the present CARS system.

For a 4% uncertainty in the temperature, the relative uncertainty in RT is

shown in Fig. 7. At 2200 K the predicted uncertainty in RT is 6.3%. Substi-

tuting this value into Eq. (5) indicates a 5.1% uncertainty at 2200 K for the

concentration measurement. The experimentally measured value is 5.3%, which

is in close agreement with the predicted value.
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2.3 EFFECTS OF TURBULENCE UPON CARS SIGNAL PRODUCTION

A potential problem involved in making optical measurements in turbulent flame

environments is the strong refractive-index gradients produced by temperature-
density variations. To determine the impact of this effect upon CARS signal

production, a series of studies was conducted on a helium jet and in a propane

diffusion flame. The results of these studies are discussed in the paper

entitled, "Effects of Turbulence upon CARS Signal Production," which appears --

on the following pages.

e.
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EFFECTS OF TURBULENCE UPON CARS SIGNAL PRODUCTION

L. P. Goss

and

P. W. Schreiber

ABSTRACT

The effects of turbulence-induced index-of-refraction gradients upon CARS

signal production are examined in terms of the log-amplitude theory of

electromagnetic-radiation propagation through turbulence based upon the works .

of Tatarski and Schmeltzer. Experiments in both noncombustive and combustive
4, -

environments are conducted to verify the theoretical results. Turbulence

% effects in a practical combustor system are examined along with suggestions

on methods of minimizing the influence of the turbulence-induced effects upon

CARS concentration measurements.
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I. INTRODUCTION

The major application of coherent anti-Stokes Raman spectroscopy (CARS) has

been in the area of combustion diagnostics where the environment can present

severe problems. In combustion the media can be luminescent, sooty, turbu-

lent, have large temperature-concentration gradients, and produce intense

structural and acoustic vibrations. It is necessary to evaluate these

environmental effects upon diagnostic signals and to correct or eliminate

them before accurate measurements can be obtained. The ability of CARS to

reject luminous background signals has been demonstrated in numerous studies. 
1

In addition, the effects of particle-laden environments have also been the

2*subject of a thorough investigation. The effects of turbulence upon CARS

signal production, however, has not received much attention. One recent
A.4

-study in this area has demonstrated the severity of turbulence effects and

introduced a technique which can compensate for the CARS signal losses

3incurred due to turbulence. The purpose of this paper is to examine the

effects of turbulence upon CARS signals, to discuss how these results relate

to the loge amplitude theory of wave propagation through turbulent media, and
A-e

to present possible methods of minimizing the turbulent effects which are

'p encountered.

L. P. Goss is with Systems Research Laboratories, Inc., 2800 Indian Ripple

Road, Dayton, OH 45440; P. W. Schreiber is with the Aero Propulsion Laboratory

Air Force Wright Aeronautical Laboratoris, Wright-Patterson AFB, OH 45433.
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To simplify the comparison between theory and experiment, collinear CARS was

chosen for this study rather than a BOXCARS technique. This allowed difficult

problems associated with beam wander and interaction-volume variation to be

avoided. A study with BOXCARS in turbulent environments is the subject of a

forthcoming paper.

II. THEORY

The generation of CARS occurs in a gaseous medium when two intense collinear

electromagnetic waves interact with a molecular species. The higher frequency

wave, E (w ), which is called the pump wave and the lower frequency wave,
-'SP p

Es (W - 6), generate an anri-Stokes spectrum at 2w - w + 6 when E is tuned
ssp s 5

through the Stokes spectrum of the molecular species under investigation. The

anti-Stokes spectrum can also be generated by employing a broadband source for

5E in conjunction with the narrow-band pump wave. The appropriate term in the
5

third-order polarization which is responsible for this effect is6

a(3) (W +-6) 3 (3) (W W, W + 6) E2 E (w 6) (1)
a Pp s p s s

(3)
where X is the corresponding third-order susceptibility, w is the center

frequency of the Stokes radiation, 6 is the deviation from ws' and wa is the

center frequency of the anti-Stokes line given by 2w p - w. Similar third-

order polarizations can be written at the pump and Stokes frequencies.

However, for weak interactions the amplitude of the pump and Stokes waves are

not significantly affected by the medium. Thus, only the electromagnetic-wave

equation at the anti-Stokes frequency must be considered in the analysis. This

wave equation is bW

50
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V2 1 E + 4w (1) + (3) (2) %
Va 2- 2 \a a~' a(2c a t

where E is the anti-Stokes field and~7 is the linear polarization. Fora a9..

plane waves, the solution of the above equation yields for the anti-Stokes .-

intensity

2W 2 6, Z 31-2 )sn Zk
2 13)( (3

* where Z is the distance aver which the CARS signal is produced and

2w n IS W n
C c c 

't.-

where Ta' n and n are the indices of refraction. For most applications Zt~k/2
p S

is small, and Eq. (3) reduces to

Ia(Wa + 6, Z) -(_~a) 13X~ 3 I Z2 2 (W 6) (4) -

To obtain spatial resolution, focused beams are used and most of the CARS

* intensity is generated near the focal volume. For this case, the solution for

* E may be placed in the integral form7

a

(r, t)(r, t) d r
* a l/c_

51



where~~ t'- - - /c. As can be seen from Eq. (1), the evaluation of

this integral requires an explicit expression for the focused pump and Stokes

waves. Although approximate analytical expressions for E and E are avail-
p a

8
able, it is not possible to carry out the integration to yield a closed form.

A complete analysis of the effect of turbulence upon the generation of CARS

requires a solution of Eq. (5) which is a very difficult task. However, in a

turbulent medium the focal spot increases in size and is also displaced from

the nonturbulent position in a statistical manner from pulse to pulse. The

change in the spot size should have the greatest effect upon the collinear CARS

signal since this reduces the intensities in the focal volume. For this case,

the plane-wave solution yields

4 2 /e ) 2

~at Aet a 2 (AT\ Is~~ 2
(et' 6

IN"

where P at is the anti-Stokes power, P is the pump power, P sis the Stokes
p

power, A is the effective area of the focal spot and Z ,is the corresponding
et et'

distance over which the major portion of the CARS signal is generated. From

geometrical considerations of focused Gaussian beams, it is reasonable to

postulate that the value of Z increases with A such that
et et

2 ~*
Z et ikA et (7)

where k is a constant. Thus, the ratio of the anti-Stokes power for a non- . '

turbulent medium to that for a corresponding turbulent medium can be estimated

from Eqs. (6) and (7). This gives
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where the symbol lint indicates the integrated power and the subscript t is a '

used for parameters corresponding to the turbulent medium. While Eq. (8)

defines the relationship between the integrated CARS signal and the diameter

of the focused laser beams, it does not relate the beam diameters to the K
strength of the turbulence through which the beams propagate. This relation

was ascertained from studies of laser beam propagation through the turbulent

9
atmosphere. Gebhardt and Collins have shown that the use of certain assump-

tions allows the spread for both focused and collimated beams to be directly

related to a parameter called the structure constant of turbulence (C ).
N

The results of Gebhardt and Collins were based upon the works of Tatarski,..

and a first-order Rytov approximation, modified for beam waves by Schmeltzer.

The assumptions imposed were that 1) the total energy is conserved in going

from the transmitter plane to the receiver plane, 2) the resulting average

intensity profile remains Gaussian in shape, 3) the turbulence has a Kolmogrov

spectrum, and 4) the log amplitude, Z, is normally distributed about a mean
e

< I (R) > and has a variance equal to C (R), R being the radius vector along

the propagation path. With these assumptions the theory predicts that the %

average spread of the focal spot due to turbulence (D ) with respect to the ..

spot size in the absence of turbulence (D) can be expressed as

exp (-(< 1 (0) > + C (0))) (9)

The exact mathematical expressions for the log e amplitude < Z (0) > and its

variance C (0) are complicated and cumbersome to work with directly. Equation
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(9) is generally rewritten to include a normalization factor, C (0), which is

the variance of the log amplitude for a spherical wave. This yields
e

Dr
1- S )Dt exp S < +(0) C1(0(0) ~ c (0) ,..

wnere

cS(0) - 0.124 C 2 k7 6 fill 6  (11)
2. N

* , ., *5**

In Eq. (11) C is the turbulence structure constant, k is equal to 2ff/X, and
N

f is the focal length of the lens. It can be shown that the normalized

S S'-
ratios (< X. >/C) and (C2./C2.) depend upon a single dimensionless parameter

/21rD 2

where D is the diameter of the beam incident upon the focusing lens. Gebharht
9 9 1

and Collins have tabulated the values of (< t >/C ) and Fried and Seidman12

I .'.,>.'
have tabulated (C./CS) as a function of Q for the cases of focused and col-

limated beams.

Equation (10) can be simplified by considering the experimental conditions. The

collinear CARS configuration employed a focusing lens with a focal length of V-

42 cm and an incident beam diameter of 1 cm. In this situation n is equal to
1.4 x 105 . The tabulated values of the normalized ratios (< Z >/C ) and

(C /C ) for this n are -2.1 and 0.0, respectively. Expressing Eq. (10) in

terms of the loge of the ratio of the spot sizes and substituting the tabulated

S.S Svalues of the normalized ratios (< 2 >/C ) and (C /C), yields
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2 7/6°11/6

in 2.1 (0.124 CN2 7/6 (13)

Equation (13) assumes that the turbulence exists in the entire region from
ly ie aenn i sh e

the lens to its focus. Equation (13) can be modified by a simple trans-

formation of variables for the more general case where the turbulence is !

located anywhere between the lens and its focus. For this case, the values of #'

sS S SS.< £ >IC and C (C /C£) in Eq. (10) must be replaced by
WI

-C C

C CS2 <>A and [C S C S k2 (14)

In Eq. (14) the value of f is replaced by f2, the distance from the focal spot

to the near side of the turbulent medium, and f the corresponding distance to

the far side of the medium (f1 - f2 is the medium thickness). Do, and D are

the beam diameters at fl and f2 " Using these values, one obtains for X = 532nm.

in t 4.64 x 10 CN (f( 15

Equation (8) describes the effects of changing the focal spot size upon the

CARS integrated intensities. Combining Eq. (8) with Eq. (15) yields

ln - 9.28 x 106 f2
/11 6) (16)

Irv

Equation (16) indicates that the log of the integrated CARS power should
e z

depend upon 1) the thickness of the turbulence, 2) the displacement of the A&

turbulence from the focal region, and 3) the structure constant of the turbu-

lence. An examination of the tabulated ratios (< Z > /C and (C-"/C
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indicates that because of the extremely large values of Q employed,the nor-

malized ratios are relatively insensitive to changes in incident beam diameters '.

and the focal length of the lens for visible laser wavelengths. This would

indicate that Eq. (16) should also be independent of 1) the focal length of the

focusing lens employed for CARS production and 2) the incident beam diameter.

It is these predictions which are experimentally examined for noncombustive and

combustive turbulence in this paper. . . .

III. EXPERIMENTAL

A. Turbulent Generators ,.

Since turbulence affects beam propagation by inducing random fluctuations in

the index of refraction within the medium, two gases having a large difference "

in their refractive indices can be mixed in a turbulent jet to produce a small I

turbulent field. Thus, to investigate the effects of noncombustive turbulence %

upon beam propagation and the generation of CARS signals, the helium-air-mixing

turbulent generator reported in Ref. 3 was employed. This generator consists

of alternating helium-air nozzle plates sandwiched between separating plates .

which allows the helium and air flows to be controlled separately. To study

turbulent effects in combustion, two small burners were used. They included a

small annealing torch and a flame shielded burner.1 3

B. CARS Setup

The CARS experimental setup for studying the turbulent effects shown in Fig. 1

was the same as that used for the simultaneous temperature-species concentra- -

tion measurements reported in Ref. 13, with the exception that a collinear

rather than a BOXCARS arrangement was used for the turbulence studies. The
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turbulent generator in these studies was placed between the focusing lens and

its focus in the sample leg and kept well away from the focal region where the

majority of the CARS signal is produced. This procedure ensured that any loss -

in the CARS signal would be due primarily to turbulence effects and not to

number-density changes resulting from helium or temperature variation in the

focal volume.

In order to study the variation in spot size after propagation through turbu-

lence, a small portion of the pump beam was split off from the sample path

just after focus. The split beams were then magnified and coupled onto a PAR

1205 OMA detector which allowed recording of the spread of the focal spot. .

IV. RESULTS AND DISCUSSION

'gS,. . .

A. Noncombustive Turbulence

Figure 2 shows the effects of turbulence upon the CARS intensity as obtained

with the helium-air turbulent generator. As seen from Fig. 2(a), when only

air is flowing in the turbulent generator, the focal spot is sharp and well

defined and the resulting CARS signals are strong. However, when the helium

is allowed to flow and mix with the air, the resulting beam spread is drasti-

cally increased, with a corresponding large drop in the sample signal as shown ._.

in Fig. 2(b). This effect can produce large errors in the concentration ' _'a

measurements. For this particular case there was an eleven-fold reduction in

the CARS intensity, with a corresponding 330% error in N2 concentration. " .'-

,.' .-. '
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Equation (16) indicates that the perturbation of the CARS signal due to

turbulence increases with the distance of the turbulent region (f 11/6 - 21/6

from the focal volume of the pump and probe lasers. To study this effect, the

helium-air turbulent generator was placed at different positions in the sample

beam path, and the relative CARS signal was recorded. Figure 3 depicts the

results obtained by scanning the turbulent generator along the axis of beam

propagation. The CARS signal is shown to decrease as the generator scans away

from the focal region in the sample path, with a corresponding increase in the

beam spread, as predicted by Eq. (16). It is apparent, however, that the

relative integrated signals do not vary inversely with the square of the beam

diameter. Figure 4 shows a comparison between the observed relative signal

levels and those predicted from the relative beam-spread measurements,

assuming a linear inverse relation between the integrated signal and the beam

spread. As can be seen, the correspondence is quite good. However, Eq. (16)

indicates that the integrated signal should vary inversely with the square of

the beam spread. An important clue concerning the reason for this discrepancy

was obtained when it was noted that a 900 rotation of the OMA gave little

indication that the beam was spreading. Imaging the beam upon the laboratory

wall permitted a visual assessment that the beam was spreading elliptically.

The spread was perpendicular to the flow of the helium-air turbulence. Since

the area of the corresponding elliptical focal spot depends upon the product
.1..

of the major and constant minor axis, Eq. (8) becomes

P DD D
a et e et .. . . . ~(17) ....

P DD D
at e e e

where D refers to the major axis of the ellipse.
et
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The ratio is thus linear in nature rather than quadratic. Equation (16) then

becomes

(a7 2 (f1/6 11/6 .~

ln(-) 4.64 x 10 -f1/6) (18)
at)' .'r

Both Eq. (16) and (18) indicated that a linear relation exists between the log e

of the ratio of the integrated CARS power and the displacement parameter

(f1 1/6  f2I I /6 ) . A plot of the experimental data obtained from scanning the" f11/6 ..' 11
- helium-air turbulent generator as log (P/Pa) as a function of (f 1 1/6 - 11/

*" is shown in Fig. 5. The data indicate reasonably straight-line behavior, as

predicted. Notice, however, that the fitted line has a nonzero intercept.

Equation (18) does not account for a nonzero intercept. To comfirm that the

nonzero intercept was not due to some error in the experimental measurement

such as an uncertainty of the thickness of the turbulence, the displacement

from the focus, or the CARS intensity, the relative corrections necessary to

translate the experimental curve such that it intercepted zero were calculated.

These calculations showed that an error of - 12 cm for the generator displacement

from focus, a doubling of the turbulence-generator length (from 7.5 to 15 cm),

or an error in the intensity of 300% (the turbulent CARS intensities should be

- 300% lower) would be necessary to account for the discrepancy. It was

estimated that the thickness of the turbulence and displacement of the gen-

erator were accurate to within 1 mm and the intensity measurements were

reproducible to within + 8% of the integrated signals. Thus, the intercept

"" cannot be explained in terms of an experimental error incurred during the

measurement. Another interesting feature is that the same effect was

.559

%59 . -..

.,4..- .'



-V P7 -. ,..--. * Wv-1 .,:V . . - " "- .7% .

observed with the corresponding beam-spread data. The exact nature of this

discrepency is still under investigation; however, it has been empirically

determined that a plot of the log e of the ratio of the intensity or beam

22/6 22/6
diameter as a function of (f1 2/ f will typically intersect near

zero. Figure 6 shows the results for the beam spread and CARS intensity

plotted in this manner. The corresponding empirical equation for fitting the

experimental data was

15 llC4 22/6 22/6
In 2.053 10f (19)= x N  1 21)_

7/6 2
where k C has been squared in order to ensure that the units will cancel

N

properly. As indicated by Eqs. (18) and (19), the slopes of such plots as

shown in Figs. 5 and 6 can be used to obtain the structure constant of turbu-

lence. This parameter is a measure of the strength of the turbulence through

which the beam passes. The values of C determined from both the CARS-intensity
N

variation and the beam-spread data for helium-air mixing are given in Table I.

These values are approximately four orders of magnitude larger than those for

the near-ground turbulence experienced in air which indicates extremely strong *.

turbulence.

To determine whether the focal length of the lens employed in CARS production

affected the CARS signal loss due to turbulence, a series of lenses from 15 to

50 cm was employed. The experiment was conducted with the turbulent generator

located a constant distance from the focus of each lens; this ensured that the

displacement parameter 1 f2 ) would remain constant and thus any
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variations in the CARS signal from lens to lens would be due to the different

lenses employed. The results of this experiment indicated (within experimental

error) that the CARS signal loss due to turbulence was independent of the focal

length of the lens employed, which is consistent with the loge-amplitude theory.

B. Combustive-Turbulence Studies

The experimental arrangement shown in Fig. 1 was also utilized to study the

effects of combustion-produced turbulence upon collinear CARS. The turbulence

generator (in this case various burners) was placed between the focusing lens

used for the generation of CARS and its focal point. The resulting beam

spread was monitored by an OMA, and the resulting integrated CARS signal along

the sample path was normalized by the CARS signal from the reference path. The

results with the flames on and off were then compared to determine the various

effects which combustion turbulence had upon the beams. The first combustion ". f

study conducted with such an arrangement employed the annealing torch for flame

production. The main objective was to determine if effects were present when

the laser beams traversed the flame and, if so, to estimate the geometrical..,..

shape of the focal spot. In order to accomplish this task, a series of simul- 4"

taneous beam spread - integrated CARS intensity measurements were made as the

laser beams traversed the annealing torch flame. As illustrated in Fig. 7 a

plot of the log e of the ratio of the CARS intensity as a function of the loge

of the corresponding beam spreads shows that, contrary to helium-air-mixing

turbulence, the combustion turbulence caused the CARS signal to vary inversely

with the square of the beam diameter. This result indicates that the flame-

produced turbulence was random in nature. The log amplitude of the CARS-
e -

signal is predicted by Eq. (16) for fll/6 and the following equation for f
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a015c 4 22/6 2/
1nI - 8.212 x 1 22 (20)

SP1 N '1 2
\at/

A visual examination showed that the beam was, on the average, uniform in all %J'

directions. However, the variation in the data indicates that the turbulence

produced by this method displayed a higher degree of fluctuation.

To determine the effects of variation of the displacement parameter on CARS

signal production for combustive turbulence the annealing torch was scanned

horizontally along the axis of beam propagation. The results indicated for

*" this experiment that the CARS signal loss increased as the flame was positioned

€ further from the focal region, which is consistent wth Eq. (16) and the..

helium-air turbulent results. The width of the flame was 2.8 cm. The -

experimental data when plotted as the log amplitude of the ratio of the
e

11/6 11/6intensities as a function of the displacement parameter (f - f

exhibits a behavior similar to that demonstrated with the helium-air-mixing

turbulence. Again the data do not have a zero intecept as predicted by Eq.

(16). Plotting the loge amplitude as a function of the displacement

(f22/6 - f22/6) results in an intercept near zero, as shown in Fig. 8. The
f1  2

structure constants obtained from the slope of the plots are given in Table I.

To study the effects of different flame types, an experiment was performed in

which the air flow of the annealing torch burner was varied and the fuel flow "k\

kept constant. The relative air flow was varied from an initial zero flow

(diffusion flame) to a relatively high flow in which the flame was highly

structured and conical. By maintaining the burner at a fixed location, (and
11/6 I1 /6)

thus keeping (f 11/6 - constant) only a change in the turbulence

structure constant could cause the CARS signal loss to vary. The data shown
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in Fig. 9 indicate that the diffusion--sooty, low-temperature, large-tempera-

ture-gradient--flames have the greatest effect upon CARS signal levels, while V

the high-air-flow flames have the least effect. The resulting structure

constants obtained from these data and Eq. (20) are listed in Table II.

C. Turbulent Effects in Practical Combustors 2

In order to estimate the effect of turbulence upon CARS measurements in a

practical combustion system, the Air Force Wright Aeronautical Laboratories

14 15
Combustion Tunnel was used as a test case. The hardened CARS system which

was built especially for studies on this combustor employed a 31-cm focal-

length lens for CARS signal production. The diameter of the tunnel flame was

13 cm. Maximum turbulence effects were expected to occur when the beams were ' -

focused through the turbulent medium before the CARS signal was produced. In

this arrangement f2 is zero and f is the diameter of the flame for Eq. (20). 4

The greatest turbulence level reported in Table I was 5.27 x 10 m-/3 (Eq.

20). Assuming the flame in the combustor to have the same structure constant,

the intensity loss due to this turbulence is predicted to be 45%. However, the

experimental data accumulated by the hardened system indicated that no noticeable

turbulent effect was observed. The hardened system was designed such that the

reference was placed in series with the sample beam after the combustion-tunnel

path. Thus, the beams, if distorted, would indicate an intensity change in the

reference when the tunnel was in use. All present data indicate, however, that "a

if the turbulence in the tunnel affected the CARS signal, the distortion was q

below the normal variation encountered in the system and could not be distin-

guished. The turbulence effects would have to be less than 8-10%, which in

this case places an upper limit on the turbulence structure constant of
4 -1/3" "

3.72 x 10 m In an attempt to verify this result, a premixed propane
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burner was studied in the laboratory. The burner was operated such that the ..-

inner burner emitted propane and the outer burner emitted only air. This setup

resulted in a flame with characteristics similar to the bluff-body-produced

flame of the AFWAL combustor. CARS intensity measurements were made through

different parts of the flame and the structure constants were determined

according to Eqs. (16) and (20). Figure 10 displays the flame with the pro- %

filing grid superimposed. Table III lists the structure constants for this " ..

profile. The position examined in the practical combustor corresponds to

location 0,165 which had a structure constant of 3.427 x 10- . This would lead

to an intensity loss of only 7%, which is consistent with the practical com-

bustor results. "A

Notice that structure-constant data indicate that the region near the fuel jet * .
.d

displays the largest structure constant. This effect, however, is offset by -- 4

the narrower cross section (- 3 cm) of the flame at the nozzle in the com-

bustor, which results in a CARS signal loss of only 0.1%. Thus, although the N.

structure constant is large, the overall turbulence effects are minimized by

the small cross section. The data indicate that reliable CARS measurements

could be made in this flame without interference from turbulence effects.

D. Minimization of Turbulence Effects

Equations (16) and (20) indicates several means by which the effects of turbu- WAA

lence upon CARS signal production can be minimized. One method would be to . J

11lI /6  11I /6) " "

minimize the displacement parameter Cf - 11/6)either by reducing the
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thickness of the turbulent region or by minimizing the displacement of the

focus of the laser beams from the turbulent region. Typically, however, the

thickness of the flame media and/or the measurement location cannot be varied. ."

A second method is to examine only regions of the flame in which the structure '

constant, CN, is relatively low. Unfortunately, in a few cases, this limits

the regions from which reliable concentration data can be taken.

A more practical approach is to develop methods to compensate for the turbu- '"'

lence. A possible scheme for accomplishing this was reported in Ref. 16 and

modified and experimentally verified in Ref. 3. In this scheme a nonresonant

signal is used as an in situ reference, both resonant and nonresonant CARS
Ao -. 6:

signals being generated at the same time in the same location by laser beams

which traverse the same turbulent path. Using this method, accurate concen-

tration measurements were made even through severe turbulence. Thus demon- 4

stratiag that compensation can be achieved with an in situ reference.

Immediate applications of this technique would be in the performance of 0.

concentration measurements in extremely thick, particle-laden turbulent flames

or supersonic combustion environments where extreme refractive-index gradients

are known to exist.

CONCLUSIONS
• 1.

Experimental results with the helium-air-mixing turbulent generator indicate P-*

"" that 1) the effects of turbulence upon the relative CARS signals can be pro-

nounced, 2) the CARS signal varies inversely with the elliptical area of the

focal spot, 3) the relative magnitude of these effects depends upon the "V

5.

65""'



i s, , % -: ' - -. u ,' 'n r - -% - ... -.. - -...--. . ' .. t'W - -,.. * .?- ' .. 4 J& =J * ;"

structure constant of the turbulence, the displacement of the turbulence from .

the focal region, and the thickness of the turbulent region, and 4) the log
e42/6

amplitude shows a CN4 f22 .6 dependence.NN
The experiments completed on combustion turbulence show the focal spot to be

approximately circular and the CARS signal to vary inversly with the square of

the beam diameter, as predicted by theory. In addition, the data follow

reasonably well the relationship expressed by Eq. (16). However, it was again

necessary to use the 22/6 power rather than the 11/6 power predicted by theory

to obtain an intercept at the origin. Since the calculated structure constants

are sensitive to this exponent, data are presented based upon the 22/6 power as

well as the 11/6 power. .-

Structure constants were found to vary significantly as a function of position

in a propane-air flame, being greatest in the combustion zone. In addition, %.

fuel-rich flames had a larger structure constant than lean flames. Structure

constants from a laboratory flame were used to predict CARS signal losses in

the AFWAL Combustor. The results were consistent with the combustor data -

observed.

The effects of turbulence can be minimized by 1) reducing the thickness of the

turbulent media, 2) conducting measurements in low CN regions or 3) employing

an in situ reference compensating scheme which has been used to make accurate __

concentration measurements--even in extremely turbulent environments.

The nonzero intercept of the log -amplitude equation is the subject of a

e

continuing study. Possible reasons for this discrepancy include 1) the
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Kolmogorov spectrum does not apply for the turbulence studied, and 2) the

relatively lai2e structure constants derived from turbulent generators have

taken the results out of the realm of weak turbulence. However, the success of

the empirically determined equation governing the loge amplitude variation is
e..

encouraging. It should be possible to use this equation to obtain semi-

quantitative predictions for the CARS signal losses from turbulence, if the

structure constant of turbulence for the system can be estimated.

' ..,...
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FIGURE CAPTIONS

Figure 1. Experimental CARS Setup Used for Turbulence Studies.

Figure 2. Beam Spread and Resulting CARS Intensity a) Without Turbulence, "

b) With Turbulence. Inserts are the beam spreads recorded by the

OMA. R - Reference Path, S - Sample Path.

Figure 3. Variation of CARS Intensity and Beam Diameter with Horizontal

Scan of Helium Turbulence Generator.

Figure 4. Correlation of the Relative CARS Signal as Experimentally Measured

() and as Predicted from the Measured Beam Diameters (P l/D)

for a Horizontal Scan of the Helium Turbulence Generator.

.J. "'

Figure 5. Plot of the log e Amplitude of the CARS Signal Versus the Displacement

11/6 -f11/6)

Parameter (f f for a Horizontal Scan of the Helium

Turbulence Generator. a - nonturbulent; at - turbulent.

Figure 6. Log Amplitude Plot of the CARS Signal Versus the Displacement .5.

e 226 222/6) %"_

Parameter (f122/6 - f for a Horizontal Scan of the Helium

Turbulence Generator. a - nonturbulent; at - turbulent.

Figure 7. Correlation of the Relative CARS Signal to the Relative Beams .,'

Spread for Combustive Turbulence. a - nonturublent; at - turbulent.

--.. p-

Figure 8. Log Amplitude Plot of the CARS Signal Versus the Displacement
Parameter (f12/ f226 for a Horizontal Scan of an Annealing 'l-.

Torch. a - nonturbulent; at - turbulent.

70
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Figure 9. Variation of the Ralative CARS Signal as a function of the

Relative Air Flow for the Premixed Propane Fueled Burner.

Figure 10. Turbulent Flame which was Used to Model the AFWAL Combustion

Tunnel.

p.6i
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TABLE I

Turbulence Structure Constants, CN, Determined from the CARS-Intensity and

Beam-Spread Experimental Data.

Non-Combustive Turbulence

Eq. (18) Eq. (20)

C -1/3 -/
Exp. Data CN(m / N

Beam Spread 1.113 x 10-  5.46 x 10

CARS Intensity 1.086 x 10 5.42 x 10

Combustive Turbulence

Eq. (16) Eq. (20)

-1/3 -1/3
Exp. Data C(m ) C(m

N N

Beam Spread 1.399 x 10- 3  4.463 x 10- 4

CARS Intensity 1.378 x 10-  5.27 x 10

*-.. - .

.-° ...
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TABLE II

C Values Obtained from the Variation of the Relative Air Flow of an Annealing .

N
Torch.

-~Relative log(E.1)Eq 20

Air Flow atCN(q 16CN E.20-4 -1/3 -4 -1/3
_____ _____(xl 10 ) x 10 m )

0.0 1.812 8.897 4.536

0.5 1.029 '6.704 3.938

1.0 1.409 7.844 4.260
-0

-%1.5 .859 6.125 3.764

-~2.0 .573 5.002 3.402

2.5 .687 5.477 3.559 -

3.0 .597 5.106 3.437

3.5 .308 3.667 2.913

4.0 .113 2.221 2.267

4.5 .096 2.048 2.176

p. 73



TABLE III

CN Values From a Profile of the Turbulent Flame.

NN

-4 -1/3 -4 -1/3
x~y x 10 m x 10 m

0,5 11.68 4.772
0,5 11.42 4.768
0,25 11.34 4.753
0,35 9.53 4.356
0.45 8.86 4.201
0,55 8.93 4.216
0,65 7.83 3.949
0,75 7.19 3.782
0,85 7.31 2.813
0,95 7.05 3.745
0,105 6.93 3.634
0,115 5.86 3.415
0,125 5.76 3.383
0,135 5.59 3.335
0,145 5.88 3.420
0,155 5.61 3.340
0,165 5.91 3.427
10,165 5.28 3.240
20,165 4.69 3.054
30,165 4.62 3.031

40,165 3.87 2.774
5 0,165 3.82 2.757
60,165 2.79 2.356
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2.4 SIMULTANEOUS CARS THERMOMETRY AND SPECIES-CONCENTRATION MEASUREMENTS

k'.-i .,

The results of CARS thermometry and species-concentration measurements on both

premixed and turbulent flames are discussed in three papers which appear on

the following pages. The first paper entitled, "Flame Studies with the

Coherent Anti-Stokes Raman Spectroscopy Technique," discusses measurements
4.'.

made on a premixed propane-air flame; in this paper single-shot thermometry

and species-concentration measurements were reported for the first time. The

second paper entitled, "Temperature and Species-Concentration Measurements in

Turbulent Flames by the CARS Technique," demonstrates the ability of CARS to
-,...'

obtain data in turbulent flames. Average values, probability density func-

tions, and correlation plots of temperature and N2 density were obtained and2,

compared with results from an adiabatic flame model. The third paper enti- /

tled, "CARS Thermometry and N2 Number-Density Measurements in a Turbulent r. w.

Diffusion Flame," discusses an extensive x-y profile made in a turbulent pro- .

pane diffusion flame in which contour maps of the temperature, N2 density, and

fluctuations of these quantities were obtained. Probability distribution

functions of temperature and N2 density were obtained at various locations in

the flame.

.4

1W1
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Flame Studies with the Coherent Anti-Stokes
Raman Spectroscopy Technique

L.P. Goss* and G.L. Switzert I
Systems Research Laboratories, Inc., Dayton, Ohio

and
P.W. Schreibert

Air Force Wright Aeronautical Laboratories, WPAFB, Ohio

A premised propane-air flame has been studied by the coherent anti-Stokes Raman spectroscopy technique.
Single-shot thermometry has been demonstrated and the temperature uncertainty due to the broadband dye laser
analyzed. A comparison with sodium-line-reversal temperatures indicates good agreement with the CARS
temperatures. A retrorefleting power-reference scheme has been developed which allows simultaneous single-
shot temperature and species-concentration measurements to he made in the premised flame. An error analysis
of the concentration measurements indicates that uncertainties of -50% are obtainable with the present in-
strumentation.

Introduction Theoretical Considerations and Computer Codes
A PROGRAM is in progress at the AFWAL Aero The thirn-order susceptibility which governs CARS can be

Propulsion Laboratory (APL) to evaluate combustor expressed in abbreviated form as
models in environments which simulate those encountered by
gas-turbine combustors. This program involves the selection x' ) =X, + (I)-
and evaluation of appropriate diagnostic techniques for
making time-averaged and time-resolved point measurements where %,, is the nonresonant contribution and )c, is the Raman

of velocity, temperature, and major species concentration in resonant contribution to the third-order susceptibility. X,, far -,
* simulated, practical combustion environments, from electronic resonance, is given by

Of the various optical diagnostic techniques, coherent anti-
Stokes Raman spectroscopy (CARS) is considered to be one 2c' A(vJ) (do/d),.2j

of the more promising methods for making temperature and X, N -=v (2)
species-concentration measurements in combustion en-
vironments. Favorable results have been obtained by various where N is the total number density of the species being
investigators using laboratory-type tame sources."' In probed, A(v,J) the population difference between the states
addition, a preliminary evaluation of this technique using the involved in the Raman transition, ,, the frequency of the
large-scale AFWAL/APL combustor has been made," 6 and Raman transition, 6 the frequency difference between the
the results arc very encouraging in view of the large-scale, pump w, and the probe u),, F(v,J) the half-width at half . '
hostile, gas-turbinc-type combustion environment in which maximum (HWHM) of the Raman transition, and (do/dQ),
the sensitive optical system was operated. A similar com- the Raman scattering cross ;ection.
bustor evaluation has also been conducted at ONERA.' The CARS intensity distr.bution is given by'"
Researchers at United Technologies Research Center have
made successful temperature measurements using the b) (wj) - fdw1 T(w - w;) (w), ,
BOXCARS technique in a large-scale furnace-type com-
bustor.' Investigators at Shell Research Limited Thornton xfd, 21, (wj -wl +W')I(,(2) I (W, - W.?) 12 (3)

- Research Centre have demonstrated the feasibility of using
CARS to measure temperatures in a reciprocating engine.' where T is the slit function and 1, and I, are th- spectral

The goals of this laboratory effort are to obtain densities of the pump and Stokes sources, respectively. In
% simultaneous single-shot temperatures and number densities, broadband CARS, the Stokes bandwidth normally is suf- -

to determine the accuracy with which this can be ac- ficiently large that 12 can be taken outside the integrals; Eq. -

complished, and to use these results to evaluate various model (3) is then expressible as
combustors. The purpose of this paper is to report the ad-

" vances that have been made toward achievement of these Ii (WI ) -rPi" I1f; (,,. -5) I (6) l-d6 (4)
. go~cals. -'-.goas.where P;" is the total pump intensity (integrated over all

frequencies); I., is the Stokes intensity per unit frequency
interval. I, is the pump intensity distribution convolved over
the slit function. and the variable of integration i varies over

lre,.ented a% tI'pv.'r NO-1541 at the AIAA t50 ii ermopri,,s all values of the desuninge,,-w,.
tonercnce, Snic mad , Colo., July 14-16, 1980; uhnmed Jan. 16, For calcIlprio of a CARS spectrum, the third-order

1 981; revision r.ceised Oct. 6. 1992. This papc is d c li d a work ol susceptibility s generated according to Eqs. (I) and (2) and
he U.S (oserninmc, and ihcrclore i in the lpublic domam subsequctily convolved oser the pump laser linewidths and

,Senior Chemisi the appropriate slit function as dictated by Eq. (4). Figure Ia
'Rcscan:h Engineer. shows h(I'" I' for N2 at 1700 K before convolution over the
:Recarch Physi)is, Acro iropulsion I ahorator, pump linewidth and slit function. The spectral constants,'
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nonresonant susceptibilities,'
2 and Raman-linewidth varia- variation of the calculation spectrum yields no further im-

tion with temperature and J level" were employed for this cal- provement in the fitted temperature. The dispersion-an
culation. Figure lb shows the convolved spectrum utilizing indicator for the fitting error for each parameter-can be

the experimentally observed 0.4-cm I HWHM Gaussian obtained from
pump linewidth and a 4.0-cm ' HWHM Gaussian slit
function. D, = (J" J),'o

2 /(NOBS -1) (6)

A nonlinear least-squares program has been developed for

fitting the observed experimental spectrum as a function of where (J'J),' is the ith diagonal element of the (. J) -I

temperature. It is based upon the matrix equation' matrix, a, the variance obtained between the observed and
calculated spectra, and NOBS the total number of data points

AT= (-"J) -',rA (5) in the observed spectrum. Three cycles of this iteration are
usually required for fitting the temperature. Figure 2 shows a

where J is the Jacobian matrix whose elements are defined by fit that was made to single-shot data obtained from a

J, =dil,/dT (I, being the ith intensity and Tthe temperature); premixed propane-air flame.
I is the transpose of the J matrix; A0 is the matrix with
elements AO, =1,ot - ka' (where /,,, is the ith observed Experimental Method

experimental intensity and l4,., is the ith calculated intensity); The CARS experimental setup, shown in Fig. 3, consists of
and ATis the correction to be made to the temperature. a Quanta-Ray Nd:YAG laser whose frequency-doubled

, The fitting routine functions in the following manner: First, output is used to pump an oscillator-amplifier broadband dye
an initial guess of the temperature is made and a spectrum laser and to form the pump beams in a BOXCARS"
calculated. This spectrum is then used to formulate the A0 arrangement. The pump and probe beams are crossed and
matrix. Second, the Jacobian matrix is created by a numerical focused by a 50-cm-focal-length lens having a BOXCARS
evaluation of the intensity-temperature derivative, and the half-angle of 3 deg, which produces a measured beam-
transpose of the Jacobian and subsequential inverse of the interaction length of - I mm. A retroreflecting beam splitter
product of the Jacobian with its transpose is formed. Next, is positioned after the focusing lens, and the split beam is used
the correction AT is calculated according to Eq. (5). The to form the reference path. The resulting CARS signals from
correction can then be made to the temperature and the both the sample and reference paths are predispersed by
resulting new temperature used as the initial guess for the next Pellin-Broca prisms and coupled into a Spex 1702
ierative cycle. The iterative process is continued until monochromator.

A Tracor-Northern TNI710 DARSS Reticon is used as the

detector for the CARS system. The DARSS consists of an
.0o intensified, gated (photocathode microchannel plate) unit

coupled with a linear (one-dimensional) diode array
(Relicon). The major advantages of this detector over vidicon
units are the large linear dynamic range and the smaller

o.75 blooming and cross talk between channels. The ex-
perimentally measured dispersion of the Spex 1702
monochromator is 2.4 cm ' per 50-g DARSS channel. The
combined slit function of the monochromator and DARSS

_Z 0.50detector has been dctermined to be Gaussian in shape with a
Z- width of 4.0 cm ' HWHM. To circumvent the single

dimensionality ol the detector, the entrance slit of the

0.25 monochromator is rotated 90 deg from its usual vertical
position to a horizontal position. This allows the various
CARS signals to be aligned sice by side on different regions of
the detector. rhe CARS signals are recorded simultaneously

0.00 by the DARSS for analysis at a later date. This experimental
2270 2285 2300 2315 2330 2345 configuration allows simultaneous determination of tem-

FREQUENCY ( CM- ') perature and species concentration, as will be discussed later.

,it. la IXsI' 2 for N2 at a temperature of 1700 K.

1.00 1.00

075075

Z 15.31
z 050u

0.25
025

0.00
000 ?270 2285 2300 2315 2330 2345

2270 2285 2300 2315 2330 2345 FREOUENCY (CM
"
')

FREQUENCY (CM
"

)
IiH. 2 I picala fit nit the %, )-hranch Iandshapr, Fitled lnMprIaUr

Fiji. Ih t'l" 'onvol'ed over a 4.O-cm C a .uiv eliE for t a .a, 1700 K t 15K. D,,% re'pre enl e tperimcn t4 kalti,, and the odid
temperature (of 170K. cure i% thwoelicalh alaculaled %pectrum.%
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The burner employed for these studies consists of a Perkin- hie dNC nOulnilormitv asid a systematic error due t0 dse
Elmer assembly (No. 290-01(07) with an adjustable nebulizer tuning. Carefsul concentration tuning of the dye liser ciiti

(No. 303-0352) for seeding during sodium-line-reversal essent ially elinminate the sistctniatic error. Elitosnation of hle
measurements. The assembly %as fitted with a water-cooled randoin error. howeser. is difficult to achiese. I hIs h

argon sheath which was ermployed for stabilizing the flame. stonuniforniit is due to snode competition sAhichs Is t aktsw
Both acetylene-air and propane-air premixes can be used its place under tire d~e gain Curse. Thre meastued des attots frons

Nt the burner for flame studies. The assembly \%as mounted ott channel so chsansnel of' file broadband dsc as socasured frlotr

%two translation stages which allowed radial and axial profiles tilie tionresonant susceptibility induced f rota a nostresosasit
N.of the flame to be constructed. The observed flame consisted s1_as is -200%. 1the UnscertasstuN inlduced tin the nsea-,rrTIess

%5 of an inner and an outer portion, both of which could be calt be deterinted frots Eq. C'), assttiss. tIltile dJ\c
sndependently controlled. The premixed propane-air flanie.
shown in Fig. 4, is conical in shape with a visible flame height
of - 80 mm.

Single-Shol Thermometry Studies
The ability so perform single-shot thermornetry is of' tile

utmost importance in practical turbulent combustors where
thie temposral variation ot the flame temperature can be quite
large. Single-shot CARS thermometry in flames was first
denionstrated at UTRC' and has been subsequently, used sit
sarious studies.' To obtain a temperature during a single

-' laser shot, a substantial portion of the Q branch of N, must
= be probed. This is accomplished by the broadband dye laser

discussed in the experimental section. The broadband CARS
-sgnal which is produced is detected by a nmultichannel
anialyzer-in this case, the TNI710 Reticon-and stored for

- ' data analysis. The temperature-fitting routine is used to
* rcdUCe the raw% CARS spectrum for temperature deter-

trsitatiOtt.
To test the ability of the laboratory CARS system to

produce single-shot spectra of relativelN hot flames, a series sif
studies was cotiducted on the premised Perkin-Elnier burner.
This burner las will be demonstrated by its, profile) pros ides at
relatis els uniforni temperature distribution.- For this stud\.
thle burner %%as operated at an airflos oif 1.75 standard

* liters nun stf air and 0.082 standard liters' mm oif propane.
* lhiis corresponds to a fuel-air ratio of (1.0767 assd ati
* ~eqisisaletise ratio of 1 .20 . Adiabatsc flame calculations" for
N this propane-air mixture predict an aserage teniperature sit

2196 K. The aserage tenmperature measured by the CARS
% technique for 5M( icl idssal data shots suds ?! '4 K ±t 901 K.

Tile tensperatusre histograni tif the experimental data is shoss if
fin I ig. S. The bitt su/e for the temaperat ure pdif ss as 1001 K.
I Itese data \kcrc obtained 10 rum abcs e tilie burner qisrtace ,tif
the centerline of she inner fuel tube. Because of the flamie

- sahlt at tie measuremnt locations. lie sibsersed
distribution icosisidered tsi be prstnarsl disc to lie uns-

* s~crtaiti\ tit the tetniperi!,sirc mneassririetit. 1 Isi %kuiild InI-
ds:aic a 41Ioj nceiaint\ si h eprauemittciet ic
issdssidualk t itted errssr, gis ci b% file dispersisti ttlicaisir I uis. -4 PrenususI nsfar-l.oichiomineric pr(Ppant-sir Itain~t- ulsipiid Ii

* su~~ Cre all Ic.thans 3K sir she 5(151 iieassr~leltlrt III thW laiss Ildinti stildiv.
I lie dispersion isidisaior, hmosest. I,5 a isasisre otiI ot ihc

- de dscusro sit the osited specirsiti frots[lie caiaicukuc
* ~slciecrsti at a gisen tettperatisrv. It reflect- lit. error III lie
* ~ ~ ~~tlted tetiperatiAre-- ntit file 5itusi errr fit tshe tetispel susic-

ttseasiircit filie actual lttipCr~itIstC Crust I- 110Iteitalls
quitecoiplex disc to [lie depetsdetCut Ws tessell shut10 ii[)0i
sesetal pautiieteu ()sit ofitlit tinito ~ .st chili i,,i

* sstsgle-shlt thcriiiier\ is lst hr 'atdhand die 5ci I lls
- ~~brosadbatnd dye cast be a it re oft btli a ttidoi t crisI thsc 1"

I isv 14 ilitsrrntsist pisll i i .si iriis, tivarstwii t-itsirl, p ropqi i
k is .1 sd hirmjli. tit % R1% appuarsitu. vivitisid tit pri-sent tuidtgs tit 1mtt~iii ~ .s iv, niiisrir ~~.2 ' 5t
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220 { t 'tof 2201 K+30 K. in good agreement with the CARS N.P
22'00 measurement results.

I A radial profile at two different axial locations was con- .," r.

2000 ducted on the propane flame and is shown in Fig. 6. As can be
seen from these profiles, the temperature of the flame is fairly
uniform over a broad region and drops sharply at the edges.o-.

1800. As one probes higher in the flame, the high-temperature
region becomes less broad due to the conical shape of the
flame. This is demonstrated by the profile at the 55-mm axial

1600 position. The bars shown in this figure indicate one standard . -
deviation of the single-shot data. At the edge of the flame,
large deviations were encountered due to the interaction of the

400 flame and the outer ambient air.

Simultaneous Number-Density %JO
120o and Temperature Determinations

Concentration measurements by the CARS technique have,
1004 in the past, been carried out by two methods. The first method 4,

consists of integrating the total CARS signal from the species
of interest.4 and the second involves monitoring the in-

801 - terference of the resonant and nonresonant CARS signals.' 2

IS -12 -6 0 6 12 Is In the latter method, the CARS bandshape contains the
DISTANCE FROM CENTERLINE (m) concentration information. Both methods require that the

Fig. 6 Radial profiles of the premied propine-ai flame. x and o temperature be known before a concentration can be
denote a.ial position 10 and 55 mm above burner surface, respec- determined. In a nonturbulent, nonvarying flame, the average
tiel. Error bars indicate observed temperature fluctuation. temperature will suffice for the concentration measurement.

However, in a turbulent temperature-varying flame en-
vironment, the temperature and concentration must be-P8.10

- N2 0-BRANCH measured simultaneously. This is possible from single-shot -

CARS data because the general shape of the Q-branch profile
0 can be used to determine the temperature, while the integrated

6.36 area of the Q branch can be used to determine the con-
centration. The integrated intensity can be an absolute or a
relative measurement. The former, however, is extremely
difficult. The latter is performed through the use of a ratioing -4z technique in which the experimental parameters are canceled.

0 The power-reference scheme found to yield the best results is
shown in Fig. 3. It consists of retroreflecting -20% of the

<a: 2.86 pump and Stokes beams after the 50-cm focusing lens but , ,,
before the beams are focused. The CARS signal generated in .,:

Z the reference is then isolated by a right-angle prism and routed
to the spectrometer. The major advantage of this con-

3.10 figuration is that the sample and reference paths are formed ,
TEPRATURE 98 4by the same lens and, because of the retroreflection, display %
TEMPERATURE (K) the same spatial and temporal characteristics. With this • .

fig. 7 Relative uncertainly in integrated bandshape ratio R, a% arrangement, correlations between sample and reference M P
function of temperature for 401o uncertainli in measured temperature, intensities are consistently 94 to 970,'o. , % ,

The number density as determined from the integrated- 00

tIluctuatIon i. ut ot iclated with other spectral variables': CARS-intensity measurement for a major species (crn- * * *
centration > 20% by volume) in an atmospheric flame is ,isen

/I / dl, by (see the Appendix),','; o., '  d(7)"-' ";
,,, d N, = N1,\ (RI .P, )l/P1K (g)""'. . "

%%here ,,-' is the variance of the dye laser intensity from where N, is the nitrogen number densit. at temperature 7.
channel to channel, and dl,/dT is the change in the CARS Nj, the nitrogen number density at 300 K, RI the ratio of (he
intensity at frequency i due to a change in the temperature. integrated bandshapes of the CARS spectrum at 300 K to the
The temperature uncertainty determined from the variance of CARS specfrum at temperature T. P, the experimenially a',

the dye laser is - 3% (60 K) at 2000 K, which is the minimum measured intcgtated CARS power at temperatnre T. and P,,,,
uncertainty to be expected from the single-shot temperature the experiinentall\ measured integrated CARS power at 30 .
meaurement. This is in good agreement v.ith the observed K. The ratio Rtlakes into account the change tn the Ranan "
esperimenial uncertainty of 40'o, which indicates that the dye linewidths and population redistribution with temperature
tluetuation is mainly responsible for the uncertaint,, in the The probable error in the measurement of N, from prol-able %
CARS temperature measurement, errors in R,, P1, and P,,, (assuming no intensity losses due to

To test the accuracy of the CARS temperature turbulence effects) is given h%
measurement, a sodium-line-reversal experiment was con-

ducted on the same flame under similar conditions. As %, %,

mentioned earliet. the burner is equipped with a nebuli/er AN" = Y R, ( . %

which allows the itner flame region to be seeded for sodium- 3R,, K, V, I, % ,

line-resersal measurements. The re ersal arrangement tsed in aN, - I (
this study was described in detail in Ref. I. The results front )
idi, iduial ilstmIeeencis on this flame sclded a temperat iure a ', ,* " ,. I
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%P
Combining Eqs. (8) and (9), performing the differentiation, consists of an equilibrium mixture of gases at adiabatic

and simplifying yields temperature. These calculations neglect radiative heat and
mass transfer. The solid line in Fig. 8 is the adiabatic

E(N,) = [ E(Rr)- + E(PT), + %E(Pl) 1' (10) equilibrium calculation performed for fuel-to-air equisalence
ratios between 0.1 and 3.0 using the computer c(de of Gordon

The uncertainty in the ratio Ry for a 4% temperature un- and McBride.16 Most of the data are grouped very near the
certainty is shown in Fig. 7. The uncertainty in R7 for a flame adiabatic flame curve, shown in this figure as a solid line. The
temperature of 2200 K is - 5%. The uncertainty in Pr and upper curve corresponds to the fuel-lean case (excess air) and
P1, without turbulence and assuming no problems from the lower curve corresponds to the fuel-rich case (excess fuel).
photon statistics (due to the large signal levels) is the The stoichiometric point (the point at which the fuel and air
correlation error observed between the sample and reference are mixed in such proportions that neither is in excess) is near
(-6%). Substituting the uncertainty in R 7 and correlation the point where the two curves meet. The equivalence ratio of -le
error into Eq. (10) indicates that 5.1% uncertainty should be 1.2 indicates that the mixture %sas slightly fuel-rich, as
observed in the number-density measurement at 2200 K. The demonstrated by the data which lie primarily on the lower a"' ,
CARS signals during these experiments were maintained at a fuel-rich curve near the stoichiometric point. The cx-
high intensity to avoid problems from photon statistical noise perimentally measured uncertainty in the concentration
which would be added directly to the uncertainty of P1 , and measurement (assuming the flame temperature and con-
Pr. Turbulence compensation, if required, would necessitate centration to be constant) was 5.20, which is in close
an in situ reference scheme. 9.20 agreement with the predicted uncertainty.

In order to check the error prediction given by Eq. (10), a Figures 9 and 10 depict simultaneous measurement profiles
series of 500 simultaneous measurements of temperature and which were made on the propane-fueled premixed burner.
N 2 concentration were made in the premixed propane burner. Figure 9 is a radial profile of the flame starting from the
The fuel and air flows were adjusted to give an equivalence center 10 mm above the burner surface. As shown, the
ratio of 1.2, as used in the earlier thermometry studies. The temperature drops as the edge of the flame is approached,
simultaneous data which were obtained are plotted in Fig. 8. while the percent volume of N, increases. An axial profile of
Superimposed on these data are the results of an adiabatic the flame along the centerline is shown in Fig. 10. The figure
flame calculation" for a propane-air flame. The adiabatic indicates that the temperature drops off high in the flame, -'.
equilibrium flame calculations are based upon the assumption while the percent volume of N., increases.
that each homogeneous volume of gas within the flame Next, a study was conducted to determine whether the

CARS instrument with its simultaneous measurement
capability could follow the variation of the temperature and

^ ., •N, number density as a function of the fuel-air ratio of the
premixed burner. To demonstrate this point, the propane fuel

* flow was varied to give fuel-to-air ratios ranging from 0.0614
(fuel lean) to 0.1074 (fuel rich). The temperature and N,

1.6 .number density were determined for 100 shots for each flow

1.14 so2300

-2200

N2
70.2101t

- 300 6os seg 4a 1435 1880 275 r \2000 .,

e TEMIOVIATUPE CKELVIPI)z

SFill. 8 Correlation plot of simultaneousl delermined temperature 60. 1900. 4,'.

and N2 coneentratlon (dois) in premixed propane-air flame. Solid line
repreents results from adiabatic-equilihrium flame calculation. _ _ _.__ _ _

22 35 48 1 f4 87 1800

HEIGHT ABOVE BURNER emm"

2300 Fig. 10 Simultaneuul) determined temperature and con
S... - centration for axial profile of premised propane-air flame.

80 s 200 s.20
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Fig. 9 Simultaneo ul0 determined temperature and cz ron- Fig. It ,ariation sit imultaneouml. obhtained temperature and 2 %
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Table I Comparion of temperatures and a'rmher densities @obtained where Q represents the monochromator and detector ef-
from CARS measnremenis with thowe predicied b) ideal flame ficiency; A is the cross-sectional area of the focused laser
calculations from the mamiared fuet-air ratios (m=(CARS beams, T is the temporal pulse width of the Gaussian pump

mesreet f n% and probe lasers; and I. is defined by
T. T, (%N),, 1N 2 )

2165 2209.5 74.0 *4.3 72.8I.)=I(J)di
2300 2269.4 71.0 *6.5 71.0
2122 2195.6 70.5 *7.0 69.1 M ~, ifN,, (w,~ -6) 1t (') I rdbd., (AM)
2000 2110.7 66.7 *10 67.2 '
2006 2011.1 68.3 *5 65.3 To account for the variation in the Stokes and pump lasers, a
1901 3930.0 64.4 *4 63.4 measurement is made simultaneously in the flame and the
1853 )844.5 62.7±*9 61.8 reference path. In this set of studies, the reference contained

ambient air. Rat ioing results in

condition. The data from this experiment are plotted in Fig. n.. -kI,, (7) _ kI 2 1if, (w, -6) Il (h) I 'ddo35
11I. These data indicate that a temperature maximum occurs at !, k'l,,(300) k'I,IN 5 f, (w, -6) Ix;(6)1 .,dw
a near-stoichiometric fuel-to-air ratio and decrease-; a% the '54i

4'fuel flow is increased or decreased relatise to this point. The (AS) 1
N, concentration shows a steady decline with an increase in wihrdct
fuel flow. The comparison with the predicted temperature and 4hc edcst

*number densities based upon the fue anu 4ir flow% i% given in M N.R(M
Table 1. The resulis agree quite well Aith thc predicted values I UAkN5 1 (6
based upon the equilibrium flame calculationm. %%here R, is the ratio of the integrated CARS bandshapes. To

cancel the experimental constants k and k', a second .

Conclusions measurement is made with ambient air in the sample. Rat ioing

Results of single-shot thernsomeir studies on a near- themasrensyld
stoichiometric premixed propane-air tlame show good .

agreement with resulis for sodium-line-resersal measure- 'bi rtAN-j./k'N'j 15 RT NIT
ments. The experimentally measured iemperature uncertainty k/k' Nyx51Rr A
was determined to be - 407. The uncertainty which was ob-
served in these measurements can be related almost entirely to Rearranging Eq. (A7) to solve for number-density results in

4the nonuniformity from pulse to pulse of the broadband dye Eq. (8).
.4 laser.
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Temperature and Species-Concentration Measurements
in Turbulent Flames by the CARS Technique

L.P. Goss,* G.L. Switzer,t and D.D. Trump:
Systems Research Laboratories, Inc., Dayton, Ohio

and
P.W. Schreiber§

Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force Base. Ohio -

Simultaneous temperature and N, -concentration data have been obtained employing a 10-Hz coherent anti- ,
Stokes Rams. qpetroseopy system on Iwo propane-air turbulent-jet diffusion fames with Reynolds numbers of
2000 and 6 .000 Average values, probabltity density functions. and correlation plots show reasonable trends for .- " "
both centesnne and radial profiles of the turbulent flames.

-". ,.% .

Introduction is coupled to the monochromator by a series of splitters whose r...

T HE study of turbulent combustion on a fundamental purpose will be discussed later. The experimentally measured
.level requires detailed spatially resolved information of resolution was 4.0 cm-1 half-width, half-maximum

the instantaneous values (acquired simultaneously) of a large (HWHM).
number of scalar quantities such as temperature, species A Tracor-Northern TNI710 DARSS Reticon is used as the
concentration, velocity, and pressure. It is important to detector for the CARS system. The DARSS consists of an
measure such scalar quantities in order to produce the single intensified, gated (photocathode microchannel plate) unit
and joint moments required by various modeling theories, coupled with a linear (one-dimensional) diode array
The goal of the present study was to experimentally measure (Reticon). The major advantages of this detector over vidicon
these quantities [singleand joint probability density functions units are the large linear dynamic range and the smaller
(pdf)] using nonperturbing experimental techniques in blooming and cross-talk between channels. To circumvent the -

relatively simple turbulent flames The experimental data can single dimensionality of the detector, the entrance slit of the ," 

be compared with simple theories' k..e., adiabatic flame monochromator is rotated 90 deg from its usual vertical
calculations) and can be used to test and/or develop more position to a horizontal position. This allows the various --.

complex theoretical models.2 CARS signals to be aligned side by side on different regions of
Coherent anti-Stokes Raman spectroscopy (CARS)3 .4 is an the detector. ' The experimentally measured dispersion of the

attractive experimental technique for this purpose because it monochromator-detector system was 2.4 cm -/channel of
can provide time-resolved (- 10 ns) and spatially resolved the Reticon. The CARS signals are recorded simultaneously -.-- ,,
(-0.1 mm

3 ) (Ref. 5) measurements of temperature6 .'0 and by the DARSS for analysis at a later date. The analysis in-
major flame species simultaneously,ni-3 without appreciably cludes both temperature and species-concentration fitting"' 2

perturbing the flame. This paper presents results obtained on of the experimental spectrum. This experimental con- -
propane-air turbulent-jet diffusion flames at moderate figuration allows simultaneous determination of temperature
Reynolds numbers (R, -2000-6000, based upon the cold and species concentration. Unless otherwise reported, the
airflow). These results are presented in the form of average temperatures and N2 concentrations reported for the tur- .
values, scalar pdf's, and correlation plots of species con- bulent flames were determined from 500 single-shot .
centration vs temperature. Comparisons with adiabatic flame measurements. The reported uncertainties correspond to one
calculations show good agreement with the simple model, standard deviation.

The burner employed for these studies consists of a Perktn-
Experimental Methods Elmer assembly (No. 290-0107) with an adjustable nebulizer

The CARS experimental setup, shown in Fig. I, consists of (No. 303-0352) for seeding. 12 The burner assembly consists of
a Quanta-Ray Nd:YAG laser whose frequency-doubled a concentric tube arrangement which can be operated in- -

output is used to pump an oscillator-amplifier dye laser and to dependently for either a premix flame or a turbulent diffusion V.
form the pump beams in a BOXCARS5 arrangement. The flame.
pump and probe beams are crossed and focused by a 50-cm-
focal-length lens having a BOXCARS half-angle of 3 deg, System Calibration
which translates into a measured interaction length of - I To determine a temperature from the Q-branch spectrum of
mm. A retroreflection beam splitter is positioned after the N2. only the bandshape describing the populational
focusing lens, and the split beam is used to form the reference distribution of the molecules is required; however, if number .
path. The resulting CARS signals from both the sample and
reference paths are predispersed by Pellin-Broca prisms and . .-- , ,,-
coupled into a Spex 1702 monochromator. The sample signal

Presented as Paper 82-0240 at the AIAA 20th Aerospace Sciences ,,-'-- .. '-
Meeting, Orlando. Fla., Jan. 11-14, 1982; submitted March 24, 1982; , ... -...... ....... .. .
revision received Nov. 8, 1982 Thi% paper is declared a work of the - ... .
U.S. Government and, therefore, i% in the public domain. F-,- - . -

*Senior Chemist. osc
tfResearch Engineer.
tAssociate Engineer. Fig. I Experimental CARS arrangement used for turbulent-flame
Iftesearch Physicist, Aero Propulsion Laboratory. Member AIAA. studies. -
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densities are desired, either an absolute or a relative measurement. Photon statistical noise would be added .- %
' measurement of the integrated CARS intensity of the Raman directly to the uncertainty of P 3o0 and PT if the signal levels

transition must be made. The former is extremely difficult, if were to become small. Turbulence compensation, if required,
not impossible, in most cases. The latter is performed through would necessitate an in situ reference scheme. 14.15 . .-

the use of a ratioing technique in which most of the ex- To calibrate the 10-Hz CARS system in a known flame
perimental parameters are canceled. The power reference environment, a premixed near-stoichiometric mixture of
scheme found to yield the best results is shown in Fig. 1. It propane and air was burned in the concentric tube burner. -.
consists of retroreflecting -20% of the sample, pump, and This flame has been studied extensively by two-line
probe beams after the 50-cm focusing lens but before the fluorescence and sodium-line reversal12 and is known to have . S

beams are focused. The reference beams are then focused and a steady, flat temperature distribution across its profile. The .
crossed before the 50-cm lens and allowed to pass back burner was operated at an airflow of 1.75 standard liters/min
through the lens. The CARS signal generated in the reference of air and 0.082 standard liters/min of propane. This
is then isolated by a right-angle prism and routed to the corresponds to a fuel-to-air ratio of 0.0767 and an equivalence
spectrometer. The major advantage achievable by this ratio of 1.20. Adiabatic flame calculations for a propane-air " - *

arrangement is that the sample and reference paths are for- mixture predict an average temperature of 2200 K and an N2  .

med by the same lens and, because of the retroreflection, concentration of 2.54x 10s molecules/cm 3 . The average
display the same spatial and temporal characteristics. With temperature measured by the CARS technique was 2170*90 "".

this arrangement sample and reference intensity correlations K, with an N2 concentration of (2.64*0.14)x 10'1 mole-
are consistently between 94% and 97%. cules/cm3. The experimentally measured concentration un-

If index-o&refraction gradients should become a problem certainty is 5.3%, which is in close agreement with the pre- _"r
in turbulent diffusion flames, the referencing scheme shown dicted value of 4.701o. The average temperature and N 2 con-
in Fig. I would have to be replaced with an in situ referencing centrations indicate quite good agreement between measured
scheme.14." These schemes are based upon monitoring the and predicted results.
third-order nonresonant susceptibility which is produced The temperature histogram of 500 single CARS shots is
simultaneously with the nonresonant Q-branch CARS signal. shown in Fig. 2a. The bin size for the temperature and con-
Since this nonresonant signal is produced along the same path centration pdf's was 100 K and 1.Ox 1018 molecules/cm3 ,
as the resonant signal and experiences the same turbulence, it respectively. The concentration histogram is shown in Fig. 2b,
can be used to normalize the signal degradation induced by and the correlation of the two measured parameters is shown
the turbulence. In the present study, the flame size and tur- in Fig. 2c. Most of the data are grouped very near the
bulence strength were such that they posed no serious index- adiabatic flame curve, shown in this figure as a solid line. The
of-refraction gradient problems. adiabatic equilibrium flame calculations are based upon the

The number density as determined by a CARS assumption that each homogeneous volume of gas within a %--,
measurement for a major species at I atm pressure (con- turbulent flame consists of an equilibrium mixture of gases at

centration >20% by volume) is given by12  adiabatic temperature. These calculations neglect radiative .'- .
heat and mass transfer. The solid line in Fig. 2c is the

Nr= N3oV(RrxP,)/P, () adiabatic equilibrium calculation performed for fuel/air *'
_N o Rr )Ps(I equivalence ratios between 0.1 and 3.0 using the computer

where N. is the nitrogen number density at temperature T; code of Gordon and McBride. 16 Initially the fuel and air were ,

NMco is the nitrogen number density at 300 K; at atmospheric pressure (750 Torr) and 298 K. The
Rr~f~dvjP~d istherati ofthe alclatd inegrted equivalence ratio of 1.2 indicates a slightly fuel-rich mixture,

R r = IP3odv/fPrdv is the ratio of the calculated integrated mxue .~~~~~~~~~~~~~~as demonstratedbytedtwhhliprmrlonheoer,. :

powers of the CARS signal at 300 K to the CARS signal at by thc data which lie primarily on the lower

temperature T; PT is the experimentally measured integrated fuel-rich curve.

CARS power at temperature T; and P3 , is the experimentally Turbulent-Flame Studies
measured integrated CARS power at 300 K. A problem associated with multichannel-analyzer devices is

The ratio Rr takes into account the change in the Raman the limitation in the linear dynamic range in single-shot

linewidths and population redistribution with temperature. operation. An estimate of the dynamic range which is
The probable error in the measurement of NT from probable required for studying a turbulent flame can be gained from
errors in R T, Pr, and P,, (assuming no intensity losses due to consideration of the change in the intensity of the CARS
turbulence effects) is given by signal with a temperature variation of 300 to 2200 K. The

change in the intensity of the fundamental band of the Q
( AR+ ( 3N., ) branch of N. is - 240 for this temperature range. However, in

\ R.ll Rdetermining a tenperature from the Q-branch spectrum
Ile above 1200 K, a measurement must also be made of the

ONr j  hotband intensity. At 2200 K this intensity is one-fifth that of
S+ \ -(2) the fundamental. Because of the background variation of the

OMA detectors, a signal of at least 20 counts must be

Combining Eqs. (1) and (2), performing the differentiation, maintained if the hotband is to be used for temperature
and simplifying yields determination. Thus a dynamic range of 1200 to I must be

-. maintained by the OMA detector. Figure 3 demonstrates this I"
E(Nr) [VE(Rr)2 + E(Pr)I+ VAE(Po) 2 ] '" (3) limitation of the Tracor-Northern DARSS. The three single

shots shown in this figure were taken in a turbulent propane
The uncertainty in the ratio Rr in the 1200-2200 K range is diffusion flame. As indicated, the CARS spectra in the

1% essentially equal to the uncertainty in the temperature temperature range 1300-2300 K could be obtained, but cooler
1% measurement. The uncertainty in Pr and P,, without tur- CARS signals saturated the detector. Most OMA devices,

bulence and assuming no problems from photon statistics however, have only a 200-count dynamic range during single-
(due to the large signal levels) is the correlation error observed shot operation. Since no OMA devices-either %idicon or

p' between the sample and reference. The uncertainty with the Reticon-exist today which have the vast dynamic range V .

single-shot temperature measurement has been determined to required for the temperature regime 300-2300 K, an alter- .-

be -4% (Ref. 12). Substituting the temperature uncertainty native approach must be pursued.
and correlation errors into Eq. (3) indicates that a 4.7% A solution to this proble' is to incorporate a series of
uncertainty should be observed in the number-density splitters, as shown in Fig. I, into the CARS system and split

| 94 -
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temperature to near stoichiometric in this flame. A pdf of the moiccules/em'. The temperature pdf is strongly bimodal.
temperature data is shown in Fig. 5a. A 100-K bin size was which is characteristic of air entrapment in this region." The
used in this plot. The data seem to indicate a multimodal concentration pdf is also strongly bimodal. he agreement .
temperature distribution. This is primarily because the flame between the temperature and concentration data shown in the
was highly susceptible to room-air currents and moved in and correlation plot for the 145-mm position and the simple
out of the probe volume. The low-temperature distribution is adiabatic flame calculations is evident, even in this extremely
believed to be due primarily to the edge of the flame and turbulent region of the diffusion flame. r ,,,1,,1
outside air. while the higher temperatures are due to the At the 105-mm centerline position, the average temperature
central flame regions. The N,-concentration pdf for the N,- has increased to 1350 K and the average concentration has ,.
concentration data is shown in Fig. 5b. The bin size in this decreased to 6.55 x 1011 molecules/cm'. The temperature pdf
plot is I.Ox 10 J molecules/cm. The concentration shows a indicates that less air entrapment is occurring. The same result
dominant peak at 3.0x 10 molecules/cm. ,  which can be seen in the concentration pdf. The maximum average
corresponds to the hot-flame zones. The higher con- temperature is observed at the 75-mm position. The tem- .-
centrations of N, are due to the lower-temperature regions. perature and concentration pdf's are much sharper than those
The cross-correlation between the simultaneous temperature of the previous centerline positions, indicating that this region
and N, concentration is shown in Fig. 5c. Superimposed on is predominantly hot burning gases with little or no cold fuel
these data are results from an adiabatic flame calculation for or air. The 75-mm position corresponds to the fuel-stagnation
a propane-air flame. The upper line corresponds to a fuel-lean
mixture and the lower, to a fuel-rich mixture. The turning
point in the higher-temperature region corresponds to a 0.09

stoichiometric mixture. As can be seen, the experimental data
follow the general trends of the adiabatic flame calculations.
The average temperature at this flame location was 1340 K, .07
with a standard deviation of 520 K. The average con- %
centration was 5.81 x 10"8 molecules/cm'. with a standard
deviation of 3.45 x 10" molecules/cm'. Because of the low -
Reynolds number employed and the susceptibility of the o.-
flame to room-air currents in the laborator,, further profiling -
of the flame was not undertaken. Instead, the decision was
made to increase the Reynolds number of the air flow to
achieve a flame which was more turbulent and less susceptible
to room-air currents.

4 The flame which was studied next is shown in Fig. 6. The
flame length under the higher air now conditions (40 - - -r- -.---- "
liters/min air and 0.95 liters/min propane) was reduced to 145 3" 70 1100 1500 1100 e ,-

mm. The air-to-fuel mass-flow ratio was - 28 to I. This flame 0.33 T rLf (KELVIN)
is characterized primarily by smaller-scale turbulence which is 0.3"

driven by the high airflow rates. A centerline profile of this
turbulent flame was conducted with the 10-Hz CARS systems. . *,

The results are gisen in Table I and shown in Fig. 7. At the tip 0.,.

of the flame (position 145 mm), the average temperature is %

868 K, with an average N. concentration of 9.63x 1011 "

.- " -.'
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point-the point at which the fuel jet becomes totally tur- TabletI A'.erage temperature and 5%,-concentration resut%

bulent. This conclusion is justified by the fact that as the from a centerline profile of the turbulent propane diffusion flame.F

flame is probed lower on the centerline, the cold fuel jet can 500 data points Acre taken per centerline position

be seen in the CARS data. The fuel-.because of its large at-crf;~l-anrdeiao)
nonresonant susceptibiiity-drasticall% increases the nonreso- Centerline Cs),
nant background, distorting the observed CARS N, spectra. posil'o', T,,,, T ,~, noIc:u~e ni molecule-C'c

To obtain valid data in the fuel jet region, either' the fuel m 0' O'

composition must be measured simultaneously with the N, 141 870 5113 9.61 5.31
concentration and temperature or a background suppression 135 980 550 8.99 5.5,

technique must be employed. 18 While no attempt was made to 15 I o su. .~*.,.~

incorporate a background-cancellat ion scheme into the t05 1350 590 6 '73 5.18
present CARS system to permit profiling of the fuel jet 95 1520 %60 5 22 4.50
region, such a study will be conducted in the near future. 85 1610 410 4.93 4.56

A radial profile of the reaction zone of the flame at a 'S 1730 300 3.44 2.22

position 30 mm above the burner surface was conducted. In 65 1650 220 3M8 1.01%
this study the position of the probe volume is reported as
(x,y), where x is the radial distance from the center of the
flame in millimeters and y is the %ertical distance from the
burner surface in millimeters. The flame in the 30-mm region
consisted of a small blue flame sheath which marked the
position at which the fuel and air were mixed in near-
stoichiometric proportions. Table 2 gives the results of this
profiling, and the pdf's and correlation plots are shown in
Fig. 8. Only one edge of the flame %%as profiled in the study.

At position (8.5, 30) (2 mmn on the air side of the flame
sheath), the average temperature is 1492 K. Since no burning
gases exist in this region, the high temperature is due to
thermal heat losses of the overall flame sheath."9 The tem-
perature pdf indicates that a spread in temperature exists, but
no bimodal character is evident. The correlation plot indicates

* that the data lie entirely on the fuel-lean curve, which is
* consistent with the probe measurement being located on the

air side of the flame sheath. At position (-7.5, 30) the
average temperature has increased to 1755 K. The tem-
perature and concentration pdf's are not so broad as those at

a the (-8.5, 30) position. The correlation plot still indicates
that this region is fuel lean, although more fuel-rich data are%%..7
observed. At position (-6.5, 30). %vhich corresponds to the Fig. 6 Re-6000 turbulent diffusion flame: film exposure - tO0 Ins.
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CARS Thermometry and N2 Number-Density Measurements
in a Turbulent Diffusion Flame

L. P. Goss,* D. D. Trump,t G. L. SwitzerT' and B. G. MacDonald§
Systems Research Laboratories, Inc., Dayton, Ohio

Abstract

An extensive X-Y profiling of a turbulent propane dif-
fusion flame has been conducted and the data analyzed to
yield average temperature and temperature fluctuation con-
tour maps. The average temperature contour resembles still
photographs of the flame, while the temperature fluctuation
contour shows the true nature of the turbulent flame as di
played by 500-frame/s cind photographs. Included in the
data analysis is a discussion of the probability distribu-
tion functions (PDF) which were obtained throughout the
flame. Both single and multimodal PDF's were obtained at
various locations in the flame. In an attempt to explain
the origin of the various modes of the PDF's, a conditional
sampling technique was used to measure the CARS temperature
in the presence and absence of visible flame emission. The
results indicate that in the presence of visible flame, the
same high-temperature distribution is observed regardless
of flame location, while the temperature distribution in
the absence of flame emission varies considerably with loca-
tion and mixing. .

Introduction

The study of turbulent combustion on a fundamental
level requires spatially resolved information on the instan-
taneous values of a large number of scalar quantities such
as temperature, species concentration, velocity, and pres-
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Fig. 2 Concentric tube burner assembly used for turbulent flame
studies. Outer capillaries correspond to an argon sheath which was
not employed in these studies.

sure. Coherent anti-Stokes Raman spectroscopy (CARS) has
proven to be an attractive experimental technique for this
purpose because it can provide time resolved (10 ns) and
spatially resolved (0.1 mm ) measurements of temperature
and major flame species, without appreciably perturbing the
flame under study. This paper presents results obtained on
a propane-air turbulent diffusion flame at a Reynolds num-
ber of 6000 (based upon air flow). These results are pre-
sented in the form of average temperature and temperature
fluctuation contour maps and species concentration PDF's.
Conditional sampling has also been conducted on the turbu- ,
lent flame in an attempt to explain the various contribu-
tions to the POF's.

Experimental Methods

The CARS apparatus which was employed for these studies
(see Fig. 1) is described in detail in Refs. 1 and 2 and,
therefore, will be discussed only briefly here. The heart "
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' - 1

Fig. 3 Still photograph of the
Re % 6000 turbulent propane diffu- %

sion flame. Exposure time was
S100 Ms.

of the system is a Nd:YAG laser which is employed both in
the CARS process and in pumping a broadband dye laser. A
BOXCARS configuration is used to achieve a spatial resolu- .-%
tion of 1 mm along the longest beam axis. A power reference
is employed for concentration measurements along with a
Reticon detector for single-shot temperature measurements.

The system was especially designed to acquire CARS data at
a 10-Hz rate, which required interfacing to a minicomputer
for control of the data acquisition. Data reduction con-
sists of fitting the observed N2 CARS spectral bandshape to
obtain the temperature and integrating the CARS signal to
obtain the concentration. The temperature fit employs a
nonlinear least-squares iterative routine requiring typi-
cally three cycles of the iteration for convergence. Once
the temperature has been fit, the concentration can be q
determined from the integrated CARS signal. The N2 number
density is given by4  2N'Z

T  300 RT I/1 300 (ij
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Fig. 4 Sequence of shots taken :!.

from a 500-frame/s movie of the .-'-"ZSRe - 6000 turbulent propane

fIame. f

.4
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Fig. 5 Average-temperature contour of the Re %, 6000 turbulent ..

diffusion flame. Position 0.0 is 2 cm above burner surface.

where NT is the N2 number density at temperature T; N300 is
the N2 number density at 300 K; RT is the ratio of the band-
shapes of the CARS spectrum at 300 K to that of the CARS
spectrum at temperature T; I T is the experimentally mea- .- ;
sured integrated CARS intensity at temperature T; and 1300
is the experimentally measured integrated CARS intensity at
300 K. The ratio RT takes into account the change in the ..

Raman linewidths and population redistribution with tem-
perature. Approximately I s of CPU time per spectrum is
required for the data analysis discussed above., .'
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The burner employed for thiese studies is a Perkin-
Elmer assembly (No. 290-0107)5,6' consisting of a concentric-
tube arrangement which can be operated independently for

* either a premixed flame or a turbulent diffusion flame. The
.4.. burner surface consists of a capillary plate which is used
-* to stabilize the flame under high-flow-rate conditions..

The burner design is depicted in Fig. 2.

Contour Maps and POF's

* The flame that was employed for the turbulent flame
studies is shown in Fig. 3. The burner conditions under

*which this flame was produced were an inner fuel flow of

1000-__' _

700

4..5

600 .6f 6

6U00

A.0

2 00

7. ~00 ~ 3.00 9.00

X (CMi .

Fig. 6 Temperature- fl1uctuati on contour of the Re 6000 turbulent
diffusion flame. Position 0.0 is 2 cm above burner surface.
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0.95 t/min of propane and an outer air flow of 40 I/min.
The flame height was 14.5 cm, while the air-to-fuel mass
flow ratio was 28 to 1. The flame was characterized pri-
marily by turbulence, driven by the shear produced between
the two fluid flows. Fast cine photographs of the flame at
500 frames/s are shown in Fig. 4. At 2-ms intervals the
effects of the shear of the flame can be observed.

A measurement grid consisting of an 11 x 11 matrix was
superimposed on this turbulent flame. At each grid point
1500 single shots of data were taken and the data analyzed
to obtain contour maps of the average values and their fluc- .

tuation and PDF's of the temperature and N2 concentration.

2.00

U..,..

1.60.

1.20

1200

1500

0.80 o1800

.. "'0.80 .1* ...

2100

0.40-

300

0.00
7.10 8.00 8.90

X (cm)
Fig. 7 Average-temperature contour of the flame-sheath region of
the turbulent flame.
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A contour plot of the average temperatures obtained in
the turbulent flame is shown in Fig. 5. The isotherms of
the contours cover a 300-K range and are individually
labeled. The 0.0 position of the contour map is 2 cm above
the burner surface. The propane fuel jet appears as a cold
300-K region in the bottom center of the flame. As one
progresses up the centerline of the flame, the temperature
rises to a maximum near Y = 6 cm and begins to fall off
above Y = 8 cm. The maximum centerline temperature corre-
sponds to the highly sooty central region displayed in
Fig. 3. Near the base of the flame, the cold central fuel
jet is surrounded by a blue flame sheath n 2 mm in diam.

2.00

700

1.60-.

300

1.20-

500

0.80

200
400

0.40
100

,' :.,... 

0.00A
7.10 8.00 8.90

,, X (cm)

4' Fig. 8 RMS temperature contour of the flame-sheath region of the .#

turbulent flame.
O
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This sheath is extremely hot and will be discussed in more
detail later. The overall picture of the flame given by
the contour is one of a symmnetric flame system in contrast
to that indicated by the high-speed cind photographs.
While the average temperature contour is useful for iden-
tifying average flame characteristics, the fluctuation con-
tour shown in Fig. 6 displays the true turbulent nature of
the flame. In this contour the isotherms represent a 100-K
range. The fluctuations are small at a point low in the
flame but increase drastically as more and more air becomes
entrained into the central fuel jet. The turbulence becomes
quite large in the upper regions of the flame as the shear
generated by the two different air flows dominates the
flame. Thus, while the average temperature gives a picture
of the time averaged flame, the fluctuation contour gives
insight into the true turbulent nature of the flame system.

As mentioned earlier, surrounding the fuel jet near
the burner surface is a blue flame sheath which is - 2 mm
in diam. In order to obtain a better understanding of this
structure, a finer grid spacing was used for profile. An
11 x 11 matrix was chosen to cover a 2 x 2 cir region. rhe
average temperature contour obtained in this region is
shown in Fig. 7. The flame sheath, as indicated, is quite
hot, reaching the near stoichiometric temperature of 2100 K,
while the nearby fuel and air jets are cold. The flame
sheath does not reach the stoichiometri c empera ture due to
radiant heat loss of the small structure . The fluctuation ... ~.
contour of this structure is shown in Fig. 8. The contour :.:
lines tend to map the air entrainment which is occurring at
this location. While this study of the sheath indicates
that the spatial resolution of the instrument is sufficient
to obtain reasonable data, higher spatial resolution would
be required for a more detailed study of this small struc- i ~-
ture.

Figures 9-14 display the individual POF's obtained
during profiling of the turbulent flame. Each PDF i s the
result of 1500 single shot measurements at a given location.
The coordinates are the same as those used for the contour
maps discussed above. Figure 9 displays the PDF's obtained
at the YV 0.0 cm position across the flame. As shown in
the still photograph (Fig. 3) and in the average tempera-
ture contour map (Fig. 5), the flame sheath is located in
this region. The first POF at X = 7.3 cm corresponds to a
location 2 mm on the air side of the sheath. Although no _ -

visible flame exists in this region, the temperature is
higher than that of the ambient air due to heat losses of
the flame sheath. At X = 7.4 cm, the outer edge of the
sheath is being probed, resulting in a high average tempera-
ture. The center of the sheath was observed at X =7.5 cm,
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as indicated by the lower temperature at X = 7.6 cm. The V
N? concentration PDF's for this region are shown in Fig. 9b.
Since an inverse relationship exists between the temperature
and the N2 concentration, the low N2 number densities cor-
respond to the hot temperature regions, which results in a
narrow, low N2 concentration mode for the PDF's in this
region. As one proceeds higher up the sheath Y = 2-4 cm "
(Figs. 10-li), more high-temperature distributions are
observed due to spreading of the sheath. The N2 distribu-
tions display similar behavior. At the Y = 6 cm position
(Fig. 12), the fuel jet is beginning to break up due to the
dominance of the outer air jet. On centerline at this posi-
tion, the maximum temperature outside the sheath area is p
observed. The fuel jet is no longer distinguishable, and a
broadband sooty background dominates the flame emission.
The PDF's of the outer edges of the flame at this location
display a multimodal character, indicating intermittency
due to the large air entrainment.8 The N2 PDF's are corre- . .
spondingly broadened for the outer flame locations. As one
proceeds from the Y = 6 cm to the Y = 10 cm position (Figs. '
12-14), the temperature modes of the respective PDF's
remain the same; only their relative population varies with
position. At the upper flame locations, more and more air
entrainment is observed as the cold outer air is mixed with
the hot inner flame mixtures. The average temperature drops
in this region as well as the width of the flame. At the
Y = 8-10 cm positions (Figs. 13-14), the flame is dominated
by the cold outer air flow, the respective temperature and
N2 PDF's becoming quite broad.

Conditional Sampling Results

The temperature PDF which is obtained at a given flame
location can be thought of as consisting of three different
components--unburnt gases, burnt gases, and burning gases.
It is the various contributions of each of these which
determine the characteristics of the PDF. Unburnt gases .
would be expected to be cold, burnt gases relatively hot,
and burning gases extremely hot. Mixtures of unburnt and
burnt gases could cover the entire temperature range, which
is evident in the PDF's obtained downstream in the flame.

Ideally, one would like to be able to determine the " .
various contributions of the three gas components to the
total PDF. One method of accomplishing this for the
burning gases is to monitor the flame emissions simulta- WAN
neously with the CARS measurement. By monitoring the
chemiluminescent emission of the flame, the CARS tempera-
ture data can be divided into two groups--one in which no
visible flame emission is present and the second in which
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active combustion is occurring. Earlier work at this lab-
oratory indicated that flame emission observed by a photo-
multiplier could be used to follow the dynalpic behavior
(flame turbules) of a turbulent propane flames and cond,-
tionally sample velocity data in a large-scale combustor

u.10

The emission system employed for the CARS study consisted
of two orthogonally placed PMT's in which the image oF the
flame was projected (I to 1) onto a 500-u circular slit
which defined the sample volume. Since the emission tech-
nique is a line-of-sight observation, two views were
employed to confirm that the flame was actually present in
the sample volume during the CARS measurement. The slits
were aligned with the CARS sample volume by placing a card
at the focus of the CARS beams, imaging the scattered light
from the focus onto the slit, and aligning the slit with
this image. This procedure was repeated for the second PMT
to insure that both PMT's were monitoring the same position.

,. To determine which emission data were coincident with
a laser shot, the Q-switch signal of the laser was mon-

* itored and used to set one bit of the 16-bit emission data
word which was stored by the minicomputer. The most signif-
icant bit was chosen for this purpose since it indicates
a negative value which could be easily distinguished. The
two channels of emission data were transferred to the
computer at a data rate of 20 kHz.

When combined with emission data, the temperature PDF
can be divided into two conditionally sampled PDF's--one in
the absence and one in the presence of visible flame emis-
sion. The cutoff point used to determine the absence of
emission was 50 counts (out of 1000). The PDF plots
obtained at three locations in the turbulent propane flame! discussed above are shown in Figs. 15a-c. Position 1 cor- ,
responds to a centerline location 12 cm above the burner
surface (position Y = 10 cm on the flame contour map). The
temperature PDF for this location is shown in Fig. 15a.
The average temperature was 1275 + 605 K. The emission
data taken simultaneously with the temperature data indi- ""
cated that the flame was present only 29% of the time, U-...

which accounted for the low average temperature. The
conditionally sampled PDF (shaded area of Fig. 15b) indi-
cated that the visible flame is characterized by an average
temperature of 1828 + 170 K and a well-defined temperature
distribution. The majority of the observed PDF is thus due

S to nonvisible gases (unburnt and burnt) having an average
temperature of 1211 K.

At Position 2, located 10 cm above the burner surface
(position Y - 8 cm on the flame contour map), the average
temperature has increased to 1458 + 455 K. The flame emis-
sion data indicated that the flame was present 43% of the
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time, which explains the higher temperature at this loca-
tion. The temperature PDF for this location is shown in
Fig. 15c. Notice that the general trends of the condition-
ally sampled data (flame present) are the same as those
observed at Position 1, the major difference being that the _N

flame is present more often at Position 2 (Fig. 15b). The
average temperature (flame present) was 1801 + 165 K.

At Position 3, 8 cm above the burner surTace (position
Y = 6 cm on the flame contour map), the average temperature
has increased to 1704 + 222 K. The emission data indicated
that the flame was present 66% of the time. The region is
thus dominated by the active combustion of the propane fuel.
The conditionally sampled temperatures (flame present) dis-
play similar behavior to the other locations probed, with
an average temperature of 1705 + 185 K.

While the conditionally sa-mpled data (flame present)
displayed similar behavior regardless of the sampling posi-
tion, the emission data (flame absent) exhibited widely
varying behavior which was dependent on the mixing proper- '.. _:
ties of the flame. The high temperatures in the absence of
the flame are considered to be regions in which the flame
turbules have just burned out but have not yet mixed with
any cooler gases. The low-temperature regions consist of
ambient air which is being entrained, and the intermediate
temperature regions are the result of mixing of the burnt _

and unburnt gases. Presently 500-frame/s cind photography
is being incorporated which will be synchronized to the
laser firing; this will aid in determining whether the
interpretation of the emission data is correct.

Conclusions

A 10-Hz CARS instrument capable of simultaneous tem-
•d -'perature and N number density measurements has been -'

employed for extensive profiling of a turbulent propane
diffusion flame. Contour maps and PDF's constructed from
the CARS data allow a more detailed study of the flame than
that possible with conventional probes. Conditional sam-
pling of the CARS temperature data by flame-emission mon-

41 itoring indicates that the portion of the temperature PDF
due to active combusting gases is consistent regardless of
flame location, while the portions of the PDF due to non-

'A combusting gases (either unburnt or burnt) are complex and
vary with flame location.
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2.5 MULTIPLE-SPECIES MEASUREMENTS

One of the drawbacks of CARS as compared to ordinary Raman-scattering tech-

niques is that each molecule of interest requires a separate dye laser for e*

probing. In ordinary Raman scattering a single laser is used to monitor all

species of interest. In the CARS technique the difference in frequency

between the probe laser and the pump laser must be tuned to the energy level

of the molecule of interest. This results in the need for multiple dye lasers

in order to probe multiple species. There is strong interest in measuring the

concentration of N2 and 02 in order to determine the local fuel-to-air ratio.

To achieve this a second dye laser must be incorporated into the CARS arrange-

ment. In the case of 02, it was necessary to use a narrow-band dye rather

than a broadband to improve the CARS signal strength. The experimental setup

used for the simultaneous-temperature, N2, and 02 studies is shown in Fig. 8.

A folded-BOXCAR arrangement was used to allow the spatial separation of the

two probe beams and their resulting CARS signals. ..z<

To permit quantitative 02 measurements, a reference cell was incorporated in

which I atm. of N2 and 3 atm. of 02 were mixed for monitoring the power varia-

tion. Because of the size of the cell which was used for this study, a dif-

ferent referencing scheme was employed for this purpose. This scheme is shown

" in Fig. 9. The reference beams are picked off at 90 deg. instead of being

retroreflected in the usual manner.

To ensure that the focal volumes would be identical, a compensator was -'

inserted into the reference leg to make the sample and reference paths equiva-

lent. This arrangement allows the high-pressure cell to be inserted into the

121

---4. 4



~u r. ~ w - s..isv.u~ . g. -~ . TV~.v* ~ V ~ h F i W W. 7 7 4 P. J .. ~ ~ J~* -. 46

7,..y

cli

0.'
cu ~

CLI

Ito

S..
cJ

Z E

05
4-

w 0

to0

EnE U

Li7 i

44-4

4-04-

a 4aJ

4-A ) c 7

ILL

122.1 .



:% -

A '..

L~COMPEN'SATOR

20%.
REFLECTOR

REFERENCE CELL

REGION

Figure 9. Right-Angle Reference Scheme Employed for Stdis

123



reference path without interfering with the sample path. The 02 reference

signal, just as the 02 sample signal, is filtered by an HR20 spectrometer and

detector by an S-20 pmt. The pmt signals are digitized and stored with the

DARSS data in the SDM of the TN 1710 and subsequently sent to the ModComp com- 
0NI

puter for analysis.

For analysis of the oxygen data, a software program capable of calculating the

02 spectrum as a function of temperature is required. The program is based

upon the diatomic N2-spectral-calculation program which has been extensively

used in the past. The N2 program was modified for 02 by changing the spectral

constants and excluding the even rotational lines which are missing in the 02

spectra due to nuclear spin. The spectral constants which were employed were
6taken from Hertzberg. The Raman linewidths are assumed to vary with the

inverse square root of the temperature with, no J dependence. The 02 concen-

tration is assumed to vary as predicted by adiabatic flame calculations.7 A

power-series equation was fit for the variation of the 02 concentration with

temperature and is given below:

C(O2) = 2.687 x 1019 (0) [23.108 - 6.74 x l0-3 T - 1.604 10- 6 T2

+ 4.217 x 10-10 1 - 1.45 x 10-13 T4] (8)

The nonresonant-susceptibility variation with temperature is based upon adia-

batic calculations of the major species of the flame. Unlike N2, the concen-

tration of 02 varies greatly with temperature in a flame due to consumption.

As the flame temperature approaches the stoichiometric temperature, the 02

concentration decreases rapidly. Because of the formulation used for deter-

mination of the number density, this presents a problem with the calculations
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at high temperatures. The reason for this is as follows. In the derivation

for the number-density equation, the explicit dependence of the third-order

susceptibility on number density was given by-

x(3) = (9)

where

X nr 2c 4  
_- ___0____._____

T--2 v,J +r " 6 - ir(v,J) (10)

In Eq. (10) Xnr is the nonresonant susceptibility, eA(v,J) the populational

difference term, and (2 ) the Raman-scattering cross section. The expression ..
dsi

for x' given in Eq. (10), however, becomes artificially large in the case of

0 at high temperatures because of the low 02 number density

(Xnr ,)aN*) as N +0". ,

Thus, a new approach must be taken in order to determine the 02 density. The -V

experimentally measured integrated CARS intensity is given by

2 QI nAT ;-
. kin (11)

.31w

where Q represents the monochromator and detector efficiency, A is the cross

sectional area of the focused laser beams, T is the temporal pulse width of

the Gaussian pump and probe lasers, and In is defined by

In(T) = f13(w3) d 3  1 t 12 il (w3 6 6) x( )1 d6 dw3  (12)
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To simplify the derivation, the following relationship is used:

fi( 3 - 6) IX(3)(6)1' d6 d.3  kflx(3)(6)[' d6 (13)

Thus,

In(T) J 1 ot I2 k flx(3) (6)1 2 d6 (14)

*Ratioing the integrated sample and reference intensities yields

Eflame. kn(T k fix 3 (6) T d6

Eref kIn(T k' 2 d63 (6(15)d

Ratioing to room air for system calibration yields

Eflame(3 2
If 1i ( i q2d6*f.. ref XIT
'a air -3)(6)1'00 d6 (6

~ref

(3) 2Expanding Ix (0 gives

2X C 4  R(v,J)(w -6)

fx()(12d6 =fi (3~)12d6 +- -- NT f r --,d6
vJ (Wr - 6) + r

4c 8N2  ~ ,)RvJ
f ~,) ~ , d6 (17)

+ ~ 2 8 , (Wr 6) (W vj 6) + ir

where R.(v,j) =~,)( VJ
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% Substituting back into Eq. (16) and rearranging yields

,'4

- 4
f300 d6 TxII I'(f)d6 (3) fN R(E J( - 6

'a =InrIT -h 4d6 + 2 2d
12  vJ(r-6)+r.

4c
TcN Rv vJ) R(vJ)+ f d628-7 ' ,J Wr- +i F J (Wr 6)-ir 6 (18)

The RHS of Eq. (18) is simply a quadratic equation in N1.' Solving the qua-

dratic equation for NT results in

N (19)NT 2A

4, where

A 4c f E ~ vj R(v,J) d628 ~ ~ 6)- irvJ Wr 6) + ir

.44

2XrC4  R(v,J)(w~

tb2 4 fVj (W - 6)2 + F
2 r

C x(3) 2~ d6 ff!X()3 00 d6(20)
* inr IT~u

-, This equation has been incorporated into the N2 temperature-fitting routine

and used for the analysis of the simultaneous temperature, N2, and 02 work.
.42
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The decrease in the 02 concentration in the flame results in a relatively
-2'

large nonresonant contribution at high temperatures. This can lead to a large

concentration uncertainty due to the decrease in the relative strength of the

resonant-to-nonresonant CARS-signal component. The uncertainty in the mea-

surement of the total CARS signal is typically 6-10%. As the resonant compo-

.- ' nent becomes small with respect to the nonresonant, the uncertainties in the

total CARS signal may be on the order of the value of the resonant components,

resulting in large number-density errors. The number-density error can be

expressed as9

. E(N.D.) = (1/4 E[I(T)] 2 + 1/4 E[I(300)] 2 + 1/4 E(RT) 211/2  (21)

The error in the temperature measurement is typically 4%, while the uncer-

tainty in the room-temperature intensity measurement is u 6%. The uncertainty

in the resonant component I(T) is given by

E[I(T)] = E(I) (22)
R[v]

where E(I) is the measured uncertainty in the total intensity, 6%, and IN/IR

is the ratio of the nonresonant-to-resonant component defined by

2 dIN  Ixn l I d6 J
R 2X nrc 4  R(v,J)(,O-6) 4c8  R (23)

fJ r d6 + f R v, R
vJ (W TW -2r -i -6 +

r1 v ?_17' t v,J w

A plot of E(N.D.) is shown in Fig. 10. At 1800 K the error is 24%, while at

2100 K it is 177%. Thus, the method of determining the number density of 02

SW 'U•"
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from integrated CARS measurements above 1800 K is not very accurate. However,

below this temperature the errors are comparable to those of N2 density mea-

surements. To obtain data above 1800 K, either the background must be can-

celed by polarization selection10 or the 02 lineshape used to determine the

number density. 
11

Preliminary results of data obtained on a turbulent diffusion flame are shown

in Fig. 11-14. The data consist of temperature, N2, and 02 histograms and

N2-02 correlations. As discussed in the previous section, above 1800 K the 02

concentrations are not accurate and deviate from the adiabatic predictions.

The 02-N2 correlations follow the adiabatic calculations below 1800 K.

2S 2

2.6 ALTERNATE CARS TEMPERATURE METHODS

As mentioned in previous work,4 to obtain a temperature from a CARS spectrum,

a least-squares fit of the data is necessary. This process usually requires

3 sec. per experimental spectrum. In certain cases, however, it would be

advantageous to have a real-time display of the temperature, even though the

accuracy would be somewhat compromised. Two different temperature methods

have been developed for this purpose. These methods are outlined below, along

with an analysis of the uncertainties in each.
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Nonresonant Temperature Method

As discussed in Refs. 12 and 13, the local flame temperature can be determined

from a measure of the third-order nonresonant susceptibility. The signal

obtained from the nonresonant susceptibility is given by

P 3 k(4 IX~3 I P (24)
4 o...

"'" P w3 n kT X 1 P  Pw2 (4 ,..

where k is an experimental constant which takes into account the detector-

'(3)monochromator efficiency; T is the temperature; xn is the nonresonant sus-

ceptibility at temperature T; and Pw.i is the power in the beam at frequency

Wi" As in the resonant concentration method, the signal variation due to the

power fluctuation of the laser sources is monitored by ratioing to a refer-

ence leg. The ratio of sample to reference signal is given by

1 2 (3) 2 2 ",
P k'(-) IXn IS 1 P P"'2 k'( -, 3)i ''-25S - ~ s " s (25) '

102  (3)' 2 Pm 2 1 2 (3} ;-
R k( Tk) 2 Ixn 13 00 PI Pw2  k(0T0 0 )I Xn 1300

The experimental constants are determined from calibration of the sample and

reference path by a calibrated gas, usually ambient air where the temperature

and the magnitude of the nonresonant susceptibility are known. The calibra-

tion results in
k 1 ( 2 ( 3) 2.... -

k I' IL
Ps

- S 1 2 ( )22, (3) 2 .1.
Pflame R k( TO) 2  3)O (300 ) 2f.3 ( 2 'IS (26)
no flame k '(.-)2j x l3 0 0 (s3Xn 2300
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Solving for T results in

%..

SIX s flame
S 300 23 7 lame ",nx 1300

Assuming that the flame composition varies as predicted by the equilibrium

14flame calculations, the nonresonant susceptibilities are shown in Fig. 15.

The nonresonant values of Rado were employed for the individual flame consti-

tuents. Notice that for a given temperature, two different susceptibility

values are possible, depending upon whether there is an excess of fuel or air.

To circumvent the problem, the average between the lean and rich values is

used as the flame susceptibility. From Eq. (27) an analytical expression for

the temperature uncertainty can be developed. The uncertainty is given by

E(T) [E(xn3 )S + E(Pflame)2 + E(Pno flame)2]I/2 (28)

The maximum uncertainty in the X with temperature is the difference between

the average value and the fuel-lean or -rich curve. At 2000 K this uncer-

tainty is nu 2%. The uncertainty in the measured intensity is the correlation

uncertainty between the sample and the reference which is measured to be nu 6%.

Substituting these values into Eq. (28) yields

E(T) = [ (0.06)2 + (0.06)2 + (0.02)2]I2 = 4.6%

which translates into a 94-K uncertainty in the temperature at 2000 K. This

is comparable to the uncertainty of the full Q-branch measurement at this tem-

perature.
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Intensity Temperature Methods

Both the peak and integrated intensities of the Q-branch of N2 are sensitive
F2

functions of the temperature, as shown in Fig. 16. The change in the CARS A

signal with temperature is predominantly due to the change in the number den-

sity with temperature. If the flame of interest can be modeled such that the

composition of the main constituents are known as a function of temperature,

then the variation in intensity alone can be used to determine the tempera- .

ture. For the propane-air flame previously described, the adiabatic flame

14model of Gordon and McBride has been used.

Figure 17 is a plot of the temperature as a function of x, the log of the

intensity; the fit of this curve to a power series in x is given by -

T A+BX + Cx2 +D + (29)

where x = log (I) and

A = 299.71

B = - 504.72

C = - 401.43
'.

D = 520.65

.. E-123.32

By measuring the CARS intensity in the same manner as that required for the

concentration measurement or nonresonant temperature measurement, the tempera-

ture can be determined from Eq. (29).
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The uncertainty in the temperature determination, assuming the flame model to

be valid, is given by

.1°

d.2

(30)

OT Oml

Assuming an intensity uncertainty of 10% in the intensity measurement, the

". resulting temperature uncertainty as a function of temperature is shown in

Fig. 18. The temperature uncertainty is quite low, except when the flame tem-
-,.

perature becomes higher than - 2100 K. This is due to the fact that the deri-

vative (dli/dT) + 0 as T - 2200 K, thus indicating that the method is not well

suited for this region. However, below 2100 K and especially at low tem-
V..,. .

peratures where there is no hot band for the full Q-branch temperature deter-

mination, the integrated-intensity method is quite attractive. Since the

information required for the temperature measurement is normally obtained for

the full Q-branch measurement, this method can be used to obtain a first esti-

mate of the flame temperature in real time.

2.7 DETERMINATION OF RAMAN LINEWIDTHS FROM CARS SPECTRA

The sensitivity of the CARS spectrum to the linewidths of the Raman transition

allows determination of the linewidth in certain cases. One such case is the

,. hydrogen-fluoride (HF) molecule. In conjunction with AFIT thesis student

R. A. Cleis and AFIT Prof. W. B. Roh, a study of the Raman linewidths of HF ,

was undertaken and reported in the paper entitled, "Raman Linewidths of Hydro-

gen Fluoride Determined by Using Low-Resolution Coherent Anti-Stokes Raman

Spectroscopy," which appears on the following pages.
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Raman linewidths of hydrogen fluoride determined by using
low-resolution coherent anti-Stokes Raman spectroscopy
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The Q-branch linewidths of hydrogen fluoride were measured by using coherent anti-Stokes Raman spectroscopy
ICARS) The first seven transitions were excited by a hroadband CARS system, and low-resolution spectra were
recorded on an optical multichannel analyzer at pressures from 50 to 700 Torr in 50-Torr increments. A nonlinear
least-squares program was employed to fit calculated spectra to experimental spectra by adjusting the linewidths.
All lines displayed pressure broadening over the pressure region investigated, with relative magnitudes being con-
sistent with theory and available infrared data. Although the Q-branch lines of the observed spectra were partially
blended, the CARS data and calculations permitted consistent linewidth measurements over the pressure range
of Ihe experiment

INTRODUCTION teresting in its own right, is a source of error in CARS diag-
nostics if not properly taken into account in the theoreticalCoherent anti-Stokes Raman spectroscopy (CARS) has be- model. In fact, in an earlier experiment, it was observed that

come one of the more effective diagnostic t()ls for combustion this oversight resulted in an erroneous temperature estimate
and plasma media 1  With this technique, parameters such of 415 K from a spectrum of HF recorded at room tempera-
as species concentration and temperature can be determined "-.r..
without introducing sensors into the medium under investi- ture,

In this paper, HF Raman linewidths are reported that weregation. Tvpically, fo~r these specific parameters, experimental maue yuigalwrslto ASsse.I a-"_,
pe measured by using a low-resolution CARS system. In par-

CARS spectra ofa given species, say, hydrogen luoride (HF) ticular, the pressure-broadening coefficient (self-broadening)
are recorded and then analyzed in accordance with a theo- for each of the first seven vibrational-rotational Q-branch lines

tical model appropriate for that species. has been determined based oin experimental CARS spectra
One of the most important experimental parameters that in the pressure range 50-700 Torr of pure HF gas. The results

enter into the theoretical model is the linewidths ofthe Raman omrabo t itrnitos.Te ieidhafetste ASspcra roie obtained compare favorably with IR-absorption data available .-- :
transitions. The linewidth affects the (CARS spectral profile in the open literature. It is important to note that, in this
in two ways: first, through an inverse-square (1 - 2) depen- research, the linewidth measurements were made by using a
dence of the peak intensity of individual lines on linewidth, low-resolution CARS systems and that even the linewidth ofa

and second, through the interference among adjacent rota- the weak Q(0) line, which is almost always blended completely
tional Raman lines. Therefore Raman-linewidth data on
relevant molecular species are essential for the development into the stronger Q(1) line, was determined.
of the CARS ttchnique into a practical diagnostic tool.
Through high-resolution CARS or stimulated -Raman-gain THEORETICAL CONSIDERATIONS
experiments, such data have become available in recent years
for certain molecules that are of interest to combustion di- The third-order susceptibility that governs CARS can be
agnostics, such as nitrogen,2 methanc, A, hydrogen, 4 deuteri- expressed in abbreviated form as
um, 4 .5 and acetylene.c However, for many other relevant cor, (1)
molecules, data are not yet available.

The HF molecule is of interest because of its importance where X, is the nonresonant contribution and X, is the ,P. .J

in high-energy-laser applications. It is also an interesting Raman resonant contribution to the third-order susceptibility. ,- q
molecule from a basic-spectroscopy standpoint in that the X., far from electronic resonance, is given by
linewidths of the vibrational-rotational tiansit ions are highly tJb.9(4 Aft,, J)(dlY/dS?),, j
d, dependent on the rotational quantim number (4I ofthe states = ( . - . 2)
involved. Although this dependence is observed in other %,- -il(.J

molecules as well, the variation in linewidth is not large and, where N is the total number density of the species being .*.

consequently, the dependence can often he neglected in probed, A(t, J) is the lopulation difference between the states
practice. The J dependence of linewidth for HF. while in- invow l n the Raman transition. wr is the frequency of the

0740-:322 4/s.16(077.1 o.',$02.l1t c 198.1 ' ,ptical So, ' t Am(ri,
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pRaman transition, 6 is the frequency difference between the Nd: YM. rREOE PH
pump w, and the probe w2, r(v, J) is the HWHM of the LASER DOUBL
Raman transition, and (do/dfl)v,, is the Raman-scattering
cross section.

The CARS intensity distribution is given by8  W

13(W3) ' f dwa'T(w3 - W3) f dwil(wi)
X f dW21,(W 3' - W1 + W2)/2(2)1X3(Wi - W2)12, (3)

where T is the slit function and I and 12 are the spectral
densities of the pump and Stokes sources, respectively. In
broadband CARS, the Stokes bandwidth normally is suffi-
ciently large that 12 can be taken outside the integrals; ex- GAS,

pression (3) is then expressible as

l3(W3) - 11'0'12 f f]{w( - 6)1x ()1 2d6, (4)

where 11t1" is the total pump intensity (integrated over all
frequencies), 12 is the Stokes intensity per unit frequency ":--'-"
interval, I is the pump intensity distribution convolved over SPECTROMETER
the slit function, and the variable of integration 6 varies over ...
all values of the detuning w, - W2. O"-

For calculation of a CARS HF spectrum, the third-order
susceptibility is generated according to Eqs. (1) and (2) and i I ..
subsequently convolved over the pump-laser linewidths and TERMINAL
the appropriate slit function as dictated by expression (4). Fig. 1. Schematic diagram of experimental system: PHS, prism

A nonlinear least-squares (NLLS) program has been de- harmonic separator; OSC, dye oscillator.
veloped for determining the Raman linewidths from the ob-
served experimental spectrum. The program is based on the combining it through a dichroic mirror with the 532-nm beam.
matrix equation9" The combined beams are focused through a 30-cm lens into 1 0"

Ar = (J+J)-I j+ AO, (5) a gas cell fitted with sapphire windows, which are impervious
to the highly corrosive HF gas. A gas-handling system

where J is the Jacobian matrix whose elements are defined transfers the gas to the cell through stainless-steel tubing and
by J, = dli/drm (Vi being the ith intensity and rm the mth polyethylene hoses. Pressure is monitored with a capacitance
Raman linewidth), J* is the transpose of the J matrix, A# is manometer built into the gas-handling system.
the matrix with elements AO, = o- l~, (where lio. is the The two beams and the generated CARS signal leaving the .
ith observed experimental intensity and Iscal the ith calculated gas cell are collimated with a second 30-cm lens. Separation -

intensity), and A17 is the matrix whose elements are correc- of the CARS signal from the dye beam and the 532-nm beam
tions to be made to the Raman linewidths. is achieved with a Pellin-Broca prism and an aperture. The

The iteration given in Eq. (5) was used to best fit the Raman signal is then focused into a Spex 0.75-in monochromator.
linewidths, as a function of pressure. The pressure-broad- The monochromator was fitted with a 512-channel inten- .,"'"

ening coefficients (aj) were then determined with the aid of sified diode-array rapid-scanning-spectrometer detector head
a linear-regression routine, compatible with a Tracor-Northern Model TN-1710 optical

multichannel analyzer (OMA). With this arrangement, data
* could be taken during the laser pulse and then converted and'-' EXPERIMENT,,.

EXPERMENTread by the OMA before the next pulse. A 632-nm-grove/mm
The experimental system employed in these experiments was grating with a blaze angle of 490 produced dispersion equiv-
similar t) that in Ref. 11 and is shown in Fig. 1. A Q-switched alent to 0.875 cm- /channel of the detector. The individual
Quanta Ray Nd:YAG laser with an amplifier stage is fre- diodes were separated by 50-,m centers.
quency doubled and filtered through a prism harmonic sep- CARS data could be acquired by the OMA and sent to a
arator. The resulting 532-nm beam (HWHM 0.5 cm - 1) is ModComp 7840 Classic 16-bit minicomputer for storage on

* split into four beams of equal intensity, tape for future analysis. The system was capable of producing
Three of the beams are used to pump a three-stage dye and recording CARS data at a 10-Hz rate; therefore it was

laser, while the remaining beam is focused in the sample cell possible to record 1000 pulses of CARS data at 14 different
(along with the dye beam) to generate the CARS signal. sample pressures in one afternoon.

The dye-laser beam is generated from an oscillator stage The experimental data stored on tape consisted of CARS
and two amplifier stages. Each stage is optically pumped by sample and background spectra. Background data were re-

e.one of the equal-intensity portions of the 532-nm beam. A corded by blocking the dye beam to eliminate the CARS signal
single mechanical pump circulates the dye fluid for all three and then measuring the intensity of the scattered 532-nm
stages, beam. The spectral profile of the dye laser was also recorded

i" A collinear focusing arrangement is incorporated by' first by generating a nonresonant CARS signal in propane gas.

collimating the dye beam with a simple telescope and then This profile was used to normalize the HF CARS signal with
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respect to nonuniform excitation of the broadband Stokes 1 00 - . 5's

CARS daw (I10M )ul.Cs) and Iavkground dita (2M1 pulses)
were recorded at 50-Torr increments between 5) 50 n70) Torr. 0 75

At each pressure, CARS and background data were individ-
ually averaged, and then the background was subtracted from
the CARS intensity recorded by each channel. S 0.50 -.- .,

RESULTS AND DISCUSSION 0."0

The pressure- broadening coefficients (a,) of the first seven 0.25

vibrational-rotational transitions of HF were determined as
follows: First, the Raman linewidths at each experimental
pressure were obtained by fitting the experimental data with 0 .00 ,

the NLLS iteration [Eq. (5)], and second, the pressure- 3920 3932 3944 3956 3968 3980

broadening coefficients were calculated from the slopes of the FR=D JcW-

linewidth-pressure relationship. The most important con- Fig. 3. NLLS fit of CARS spectrum of 700-Torr HF.
cept is the dependence of the peak intensity in the observed F N o p o.
spectra on the linewidths (r.,) of the corresponding Raman
transitions. At a given pressure, the Raman linewidths can
be used for partial determination of both the magnitudes and laser linewidth (a Gaussian with 0.5-cm- 1 HWHM for the
the widths of the peaks of the observed spectrum. However, pump laser) is incorporated in this step. The anti-Stokes 14 Ir,%
the range of Raman linewidths encountered in the experiment spectral power density is convolved with the effective slit
was small compared with the resolution of the experimental function of the detection system (monochromator and OMA),
system; therefore the analytical procedure was dependent which yields the final calculated spectrum.
primarily on the information contained in the peak intensi- Details of the NLLS fitting routine (which makes use of a 10

ties. form of area normalization to match the amplitude of the data ..- ,
The first step in the analysis was the reduction of the raw to calculations) were given previously.' 0  The dependent %

experimental spectra to correct for the slowly varying baseline variables in the fitting routine are the seven linewidths of the .'.
shift that was due to background noise, nonresonant contri- HF Raman lines (Fj, J = 0-6). Shown in Fig. 3 is a repre-
butions, etc. The background-corrected CARS spectra were sentative experimental spectrum fitted to a calculated spec-
then normalized according to a nonresonant spectrum ob- trum.
tained in propane gas. This step compensates for the non- It is important to note that the fitting routine does not de-
uniform intensity distribution of the Stokes beam. An ex- pend on the existence of a known linewidth for any of the ". '

ample of a background-corrected, normalized CARS spectrum Raman lines observed in the spectrum for calibration pur- .. .-

is shown in Fig. 2. The spectra recorded at each pressure are poses. This would seem implausible in view of the fact that
fitted to a calculated spectrum using the effective slit function only the relative signal strengths are used in the fitting pro-
estimated initially from the spectrum recorded at the lowest cess. However, thanks to the interference effect that one
pressure (50 Torr). observes in CARS spectra among adjacent Raman resonances

Computer calculation of the CARS spectrum was per- (especially when the lines are within a linewidth or so of each
formed by first evaluating the nonlinear susceptibility [Eqs. other), the absolute magnitude of Raman linewidths affects
(1) and (2)] and then the spectral intensity of the anti-Stokes the shape as well as the magnitude of the CARS signal. Thus
radiation generated [expression (4)]. The effect of the finite the fitting routine is able to extract the linewidths of all

Raman lines without the aid of an external calibration source.
This particular technique is applicable to all molecular species .

with the possible exception of H2 at low pressure. . . -

The NLLS-fitting-routine results were dependent on the
experimental slit width Fr, An overestimated F causes the

0 7 routine to converge to smaller values of Fr, since the total

contribution of I'_, F]', and the width of the spectral profile
z of the pump beam must best fit the widths of the peaks in the

a 049 experimental spectra. Since the results are sensitive to errors
in I',., accurate determination of 1',. is critical. Once the
linewidth at each of the 14 experimental pressures was de-

termined through the nonlinear-estimation routine, these
02 4 -linewidths were used for determining the pressure-broadening

coefficients with the aid of a linear-regression routine. Figure
4 shows a typical pressure dependence of the Raman line-

0 ..0 width, and 'Fable 1 lists the pressure-broadening coefficients
3920 3932 3944 3956 3968 3980 (aj) and deviation of the coefficients as determined by the

FREOUENCY (CM-
1
) regress.ion analysis for all lines measured. 1 ",-

Fig. 2. Superimposed spectra of.0- and 700-Torr HF. The maxi- l'he validity of the 1'. value used in the nonlinear fitting
mum intensity of each spectrum was normalized to 1. procedure can he tested by investigating the y intercepts of '.e
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the regression line computed for rj versus pressure. Al- 00o -.- %
though pressure broadening does not occur at low pressures,
the extrapolated regression lines should pass through the 00007 - \ - '
Doppler-broadened linewidth, which, at the very small value 000 \ \
of 0.0055 cm - I HWHM, is for all practical purposes at the , -
origin. The y intercepts of the Q(1)-Q(5) transitions are near 0 0006 '.
the origin, and the v intercepts of the Q(O) and Q(6) transi- \ \
tions are good, considering that the former is not resolved and 0005 " %-

o r

06 - 0.00 . .

00003 -- P- BRANCH \
0 - BRANCH

00002 - BRANCH

04

*u 03 I ' -- "P'

0 1 2 3 4 5 6 -,

02 Fig. 5. Comparison of pressure-broadening coefficients of the P, Q,
and R branches of HF.

01- the latter produced low-intensity signals during the experi- e

ment (Table 2).
Since the only independent variable in the NLLS fitting

routine was F,, the sensitivity of the y intercepts to F was ".%0  
200 400 Go 80 analyzed. The pressure-broadening coefficients and y in-

1RESSMUE TOr) tercepts were determined for six different values of Fe rangingfrom 0.70 to 0.90 cm - 1. Table 2 gives the resulting y inter-
Fig. 4. Pressure dependence of Raman linewidth of Q(5) line,. rm07 o09 m.Tbe2gvstersligyitr

cepts for the two extreme values as well as the optimum value
of re determined earlier. The overestimate of F, results in
negative intercepts, and the underestimate results in positiveTable 1. Experimentally Obtained Pressure- intercepts. The negative intercepts obtained with F, = 0.9

Broadening Coefficients of HF and Their Standard cm-' HWHM are not large, since the fitting routine does not
permit negative solutions to the linewidths. When F, is

aj ol(a) Y intercept overestimated, the solutions for Fj becomes smaller, but the
J (cm-/Torr) (cm-1/Torr) (cm- ) values of rj at the lowest pressures can only approach zero.
0 0.5646 X 10- 3  0.027 X 10-s -0.0307 This affects the solutions at the lower and higher pressures,

1 0.6376 X 1C- 3  0.037 X 10- 3  0.0045 since the relative magnitudes of the peaks in the experimental
2 0.7310 x 10--" 0.042 x 10-

3 0.0035 spectra are determined by the relative magnitudes of Fj.
3 0.6481 X 10- 3  0.033 X 10- 3  0.0006 Underestimates of Fe, on the other hand. cause the y inter-
4 0.4796 X 10 -

3 0.019 X 10- 3  0.0005 cepts to rise more rapidly, since the solutions to the linewidths %
5 0.4102 X 10 -  0.014 X 10- 1 0.0010 can increase without bound. The main point here is that, by
6 0.2888 X 10' 0.026 X i0 -' 0.0300 selecting a value of F that yields vanishingly small y inter-

HWHM of instrument slit function - 0.767 cm- 1. cepts for all Raman lines, one can refine and optimize the
value of F, and thereby the values of the pressure-broadening
coefficients estimated in the analysis.

The pressure-broadening coefficients for Q-branch lines
Slit Function tobtained in the present analysis are displayed in Fig. 5. along

with those for P- and R-branch lines obtained from IR ab-
Width of Slit Function (cm- 1 HWHM) sorption data available in the open literature.1 2 Note that the

J 0.700 0.767 0.900 Q-branch broadening coefficients lie, for the most part, be-

0 -0.0528 -0.0307 -0.X)23 tween those of the P and R branches. This observation is
1 0.1460 0.M045 -o.M6o gratifying for the following reasons: Since Q-branch lines and -.
2 0.022:1 0..1)3.5 -0.0120 P- and R-branch lines are exclusively observed in Rarnan and -,
3 0.0173 0(01; -0.0118 the IR, respectively, direct comparison between the two sets
4 0.0131 (I()05 -0.(X74 of data does not appear to be meaningful. However. in view
5 0.0109 (KtI0 -0.0(140 of the fact that Q(J). P(J), and R(J) lines have a common
6 0.0451 o.o~li -0.019t lower level and that the upper level of the Q(J) line is %and-
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Table :1. Q(3) Pretsiure-Broadening ('oefficient I .stuninarv a ilow-resolit ion, broadband ('AIL$ sy.tem was
Fstimated from IR Data" used to meusure the linewidths of the first seven vibra-

Transition ('oefficient Remark tional-rotational Raman transitions of HF. A NLLS routine .",%
was used to fit the calculated experimental spectra by ad-

R(3) 0.587 justing the linewidths. Although some of the observed lines
P(3) 0.725 il,',
Q(3 0.656 Average of in the spectra are at least partially blended, the analysis de- 5..

R(3) and scribed herein permits consistent linewidth measurements.
In fact, the analysis takes advantage of the overlap in deter- ','.

R (2) 0707 mining the linewidth without relying on external references.
P(4) 0.596 The pressure-broadening coefficients determined from the
Q(3) 0.651 Average of measured linewidths are found to be consistent with the re-

R(2) and suits obtained using the available IR data.
P(4)

Data calculated fr,,m linewidths given in Ref. 12. ACKNOWLEDGMENT
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wiched in energy between P(J) and R(J), it is reasonable to Force contract F33615-80-C-2054.
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of the P(J) and R(J) lines. By the same token, it is reasonable (AFWL/ARBA), Kirtland Air Force Base, New Mexico
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In the pressure-broadened region, the linewidths are di-
rectly proportional to pressure. Thus the relationships among REFERENCES
linewid,.hs hold for the pressure-broadening coefficients as I. See, for example, A. C. Eckbreth and P. W. Schreiber, "Coherent . .
well. For example, the pressure-broadening coefficient aa of anti-Stokes Raman spectroscopy (CARS): application to com-

the Q(3) line ('an be calculated by averaging the coefficients bustion and gas-phase diagnostics," in Chemical Application of
Nonlinear Raman Spectroscopy, A. B. Harvey, ed. (Academic,

of J)(3) and R(3) lines and of P(4) and R(2). Table 3 shows NwYr,18)New York, 1981).

the results obtained from the data in Ref. 12. The pressure- 2. A. Owyoung, "High resolution coherent Raman spectroscopy of
broadening coefficient of the R(3) transition is smaller than gases," in Laser Spectroscopy I V, H. Walther and K. W. Roche,
that of the P(3) transition, and the pressure-broadening eds. (Springer-Verlag, New York, 1979).

coefficient of the R(2) transition is larger than that of the P(4) 3. A. Owyoung, C. W. Patterson, and R. S. McDowelJ,"Cw simulated
Raman gain spectroscopy of the v, fundamental of methane," -

transition. Also note that the average of the pressure- Chem. Phys. Lett. 59, 156-162 (1978); erratum 61, 636 (1979).broadening coefficients of the P(3) and R(3) transitions is 4. M. A. Henesiarn. L. Kulevskii, and R. L. Byer, "Cw high resolution

remarkably close to the average of the pressure-broadening CAR spectroscopy of H2, D2, and CH 4 ," Opt. Commun. 18,
coefficients of the P(4) and R(2) transitions. These obser- 225-226 (1976). -.

vations are consistent and tend to substantiate the assumption 5. B. B. Krynetsky, L. A. Kulevsky. V. A. Mishin. A. M. Prokhorov,
A. 1). Savelev, and V. V. Smirnov, "High resolution cw CARS

that the Q-branch linewidths are approximately equal t the spectroscopy in D2 gas." Opt. Commun. 21, 225-228 (1977).
average of those of the corresponding P- and R-branch lines. 6. V. 1. Fabelinsky. B. B. Krvnetsky, L. A. Kulevsky, V. A. Mishin,
At the same time, the observation lends credence to the line- A. M. Prokhorov, A. 1). Savelev. and V. V. Smirnov. "High reso-
width-measurement technique described in this paper for the lution cw CARS spectroscopy of the Q-branch of the V2 band in
determination of Raman lines and their pressure-broadening C.HH." Opt. Common. 20, 389-391 (1977).

7. W. B. Roh, "('oherent anti-Stokes Raman scattering of molecular
coefficients for HF and other molecules. The 1R data used gases." Tech. Rep. AFAPL-TR-77-47 (Air Force Aero Propulsion
in Fig. 5 for comparison purposes were obtained from a gas laboratory. Wright -Patterson AFB, Ohio. August 1977).
sample at an elevated temperature (373 K), as compared with 8 R. .1. Hall. .. F. Verdick. and A. '. Eckhreth, "Pressure induced
room temoerature (298 K) for the present research. However, narrowing ot the CARS spectrum of N," Opt. Commun. 35,69-71

the effect of a temperature variation of 75 K on the linewidths ( . .. Switzer, and I'. \. Schreiber, 'Flame studies
.. L 1. Co,;. L wtead1.W crie,"lm tde

has been shown to be minimal for R(2), R(3), P('), and I)(4) with Ihe coherent anti Stokes Raman spectroscopy technique.'"
lines." Thus the conclusions drawn in the preceding para- .1. Energy 7,389 :94 (1983).
graph should be valid. Although an IR-absorption mea- 10. A. Kim. "Computer prograrnming in physical chemistry labors-

surement has been made at room temperature,' the data torN: least-.,quares analysis." .1. 'hem. Educ. 41712). 120-122

(over only R-branch not branch lines. Asaresult, 11I'.I 1 Gos.. 1). 1). Trump. B. G. Mac)onald, and G. 1 Switzer.
these data were not applicable for the present analysis. In "l-IHz coherent aiti-St'kes Raman spectroscopy apparatus for - .

addition, the measured linewidths of the R-branch lines were turbulent combustion studies." Re%. Sci. Instrum. 54, 563_ 57"

unreasonably larger than those determined from other IR 19.
data -

2.1 even when were ac- 12. R. ,I. Lovell and W. F. Herget, "Lorentz parameters and vibra- -
tion-rotation interact ion constants for the fundamental bands

-ount. Consequently. the data were discarded in the present of HF," ,t. Opt. Soc. Am. 52. 1374- 1376 (1962).
analysis. High-resolution measurements will ultimately 1:t. W. S. Benedict and R. Herman. "The calculation of self-broad-

provide validation of the technique and the results discussed :'ned line widths in linear molecules." J. Quant. Spectrosc. Radiat.

here. ''o that end. research is now in progress to make cw 1 ranr 32. lane s l
I. R. teigang. G. Litfin, and 11 Schneider. "Line shapes and half

CARS measurements of HF linewidths by using a single-misle widths of pure- and foreign-gas- hroadened 2.5-.m HF absorption
* laser system. sectra,. I'hvs. Rev. A 20,219 282 (197).
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2.8 BLACKBODY THERMOMETRIC PROBE

The construction of a blackbody thermometric probe based upon a high-

temperature optical-fiber thermometer made from a single-crystal sapphire

initially developed at the National Bureau of Standards (NBS) was under-

taken. 15-17 Present interest in this area stems from the possible extension

of the high-frequency thermometric capabilities of the probe to turbulent

flame studies.

The original probe developed by Dils 15 is shown in Fig. 19. It consists of

three basic elements--a signal generator, one or more transmitting optical

fibers, and an optical detector. Any effective blackbody configuration may be
used for the signal generator at the tip of the high-temperature fiber. A

single blackbody cavity can be created by sputtering a thin metallic coating .0.

onto the surface of the fiber. In his initial experiments, Dils used platinum

films. The equations describing the blackbody emission from this cavity are

well established. The Planck equation which describes the spectral distribu-

tion of radiance or an ideal blackbody is used in conjunction with the Gouff-.

equation which describes the apparent emittance at the exit of the cavity to

determine the total spectral flux entering the fiber

Na.. 
,-I, ..

aEoC 1  [..0
L(X0) [W/m] (31)
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Figure 19. High-Temperature Blackbody Probe.
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where

S-p

area of the cavity exit (m

o = apparent emittance of the cavity

cI = first radiation constant (3.7418 x 10- 6 W m

c2 = second radiation constant (1.43879 x 1O2 m.K) '

= wavelength in vacuum (m)

T = temperature (K)

A wavelength, x is selected which will provide maximum sensitivity to tem-

perature changes and low absorption in sapphire at elevated temperatures.

The second element of the thermometer consists of both high- and low-

temperature optical fibers which transmit the blackbody signal to the detec-

tor. The third element is the detector system which can be constructed from a

wide range of conventional components. The principal components are a light- ...

gathering lens, a narrow-band filter, and a photomultiplier or silicon detec- VA

tor. Optical density filters can be included to control the light density at

the detector.

The optical-fiber probe, as demonstrated by Dils, is an extremely accurate

means of measuring the average temperature in the range of 600 - 2000°C.

The primary interests of the present effort are the possible high-frequency

applications of such a thermometer and the possibility of extending the

temperature-measurement range. Thus, the thrust of this work was the modi-

fication of the third stage or detection scheme for the thermometric probe.

Assuming, for the moment, that the probe has high-frequency-response
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capability, the major alteration to the present detection scheme involves the

incorporation of a fast detector along with a fast, high-resolution (15 - 16

bit) ADC. The second goal of extending the temperature-measurement range of

the probe is the more difficult, as pointed out below.

The problem surrounding extension of the measurement range at high frequency

concerns the blackbody emission. Figure 20 displays the variation of a

blackbody emitter with temperature. The wavelengths chosen in the past for

temperature measurements with this probe were 600 and 800 nm. At these wave-

lengths dynamic-range measurement capabilities of 1016 and 1013, respectively,

would be needed to measure the full range of temperatures in a turbulent flame

(300 to 2300 K). No detector exists today which possesses such a large

dynamic-range capability. Thus, while the nonlinearity of the blackbody probe

is ideal for high sensitivity, it is troublesome when one is attempting to

cover a wide temperature range.

The approach which has been taken in attempts to overcome the dynamic-range

problem is optical multiplexing of the blackbody signal which involves split-

3 4-ting the signal into multiple signals, each covering a 10 - l0 dynamic-range

region.18 The extent of the region covered is determined by the capability of

the detector used, typically l0 for PMTs or diodes. Thus, potentially a 1012

dynamic range could be covered by a three/split-three detector combination.

However, a problem arises concerning protection of the most sensitive detector

leg when the range becomes wider than 108. A 108 dynamic range appears to be

the limiting range. At 800 nm this corresponds to a temperature range of 700

1700 K. To further extend the temperature range, a shift to longer wave-

lengths is required; this lowers the temperature sensitivity and compresses

1'.
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the dynamic-range requirements. However, the extent to which one can shift to *.-

the red is limited due to the low-temperature fiber-transmission characteris-

tics. The low-temperature quartz-fiber transmission is shown in Fig. 21. The

ideal wavelength, considering the fiber transmission and the availability of

adequate detectors, is 1.6 pm. At 1.6 pm a dynamic range of 108 will cover a

temperature range of 500 - 2300 K, which results in reasonable coverage of the

turbulent flame.

The instrument design is shown in Fig. 22. The output from the low-

temperature quartz fiber is collinated by a 2.5-cm-focal-length lens and

passed through a 1.6-pm filter. The filter light is then focused by a 25-cm-

focal-length lens. Prior to the focus, the light is split into two portions

by a pellicle. The reflected portion of the pellicle is the high-temperature

leg, while the transmitted portion is the more sensitive low-temperature leg.

The light intensity in each leg is adjusted by optical-density filters to give

a l0 to 1 split. The detector employed in this instrument is an InGaAs

photodiode, made especially for detection of radiation between 0.9 and 1.7 Pm.

The spectral response of this detector is shown in Fig. 23. The InGaAs detec-

tor is used in the photovoltaic rather than the photoconductive mode of detec-

tion. Although this reduces the noise-related leakage current of the

detector, unfortunately, it also reduces the overall response of the diode.

The reduction of the frequency response can be calculated in a straightforward

manner. The frequency response in the voltaic mode is area dependent and, for

this detector, is equal to 0.10 MHz/cm 2 . Thus, for a 500-pm-diam. diode (cir-

cular), the cutoff frequency with no bias current is nu 78 kHz. Since the

maximum frequency requirement for a turbulent flame is 10 kHz, which requires ., •

a sampling rate of 20 kHz, the response of the diode is more than adequate.
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F - Fibe Op i

LI - 2.5-cm-Focal-Length Lens
L2 - 25-cm-Focal-Length Lens
BF - Bandpass Filter
00 - Optical Density Filter
D - InGaAs Detector

Figure 22. Schematic Diagram of Receiver Optics.
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The above experimental design thus offers extended temperature and frequency

response for turbulent flame studies.

Probe Frequency Response

* For determing the frequency response of the optical probe, a simple heating-

* cooling experiment was conducted. The experiment consisted of heating the

probe to a relative high temperature and then quickly removing the heat

source. The blackbody emission of the probe was monitored by an S-20 PMT.

The results of the experiment are depicted in Fig. 24. While the response

times were expected to be better than 200 Usec., the observed response was

less than 250 msec. Figure 24(a) shows the slow cooling which was observed,

while 24(b) displays the speed with which the heat source was removed, indi-

- cating that the probe indeed is slow in responding to changes in temperature.

* After a discussion with Oils, it was realized that in order to achieve the

high-frequency responses noted in his publications, it would be necessary to

compensate for the slow response of the probe.

The response time of the optical probe to changes in the surrounding gas tern-

perature is controlled by heat transfer from the gas to the thin-film radia-

tor. For describing such a system, the transfer function, which is defined as

being the Fourier transform of the response to an impulse change in tempera-

ture, must be determined. The transfer function for this probe has been mod--

eled by Oils and Tichenor and is displayed in Fig. 25.1 Two regions are

important in the probe response--the first is at relatively low frequencies

where the thermal wavelength, defined below, is large compared to the dimen-

sions of the optical probe,
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XT f2 (32)pfCfwt

where

Kf = fiber thermal conductivity

Pf = fiber density

Cf = fiber specific heat

= frequency of heat change

In the low-frequency case, the response of the probe is similar to that of a

thin wire thermocouple, given by

y(w) = 6h-. (33)

where h = convective heat-transfer coefficient. In this case the probe dis-

plays a 6-dB/octave rolloff, as depicted in Fig. 25.

In the second region of interest, the thermal wavelength becomes small with

respect to the physical dimensions of the optical probe; this occurs at fre- -_,

quencies in excess of 50 Hz. In this case the temperatures within the probe -

obey the quasi-steady solution to a semi-infinite solid subjected to sinu- U, -

soidal oscillations in gas temperature. Since the thermal radiator is very

thin compared to the thermal wavelength, the radiation captured by the optical

fiber depends only on the surface temperature. The transfer function relating
U,.

probe temperature to gas temperature is given by-"
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h,., ~ y(,,) _ h(34).... _

f KfPf Cf-W

This transfer function is plotted in Fig. 25 and displays a 3-dB/octave roll-

off with frequency. The transfer function of the optical probe is consider-

ably more complex than that of a thin wire thermocouple.

.

At this point three possible options are recognized. The first involves using

the probe as it is presently configured and attempting to devise a compensa-

tion scheme that could account for the transfer function of the probe. At the

very least an experimental measurement of the transfer function under actual
I -%,

conditions of use is required. This could possibly be undertaken by employing

a chopped cw CO2 laser beam and monitoring the response of the probe as a

function of the chopper frequency. This experiment will be conducted in the

near future.

The second and third options involve physical modifications to the probe which
I...

would either eliminate the complex transfer function or simplify it consider-

ably. The simplest option to implement is to increase the probe diameter con-

siderably, thereby minimizing the low-frequency thermal wavelength penetration

region. This will eliminate the 6-dB/octave rolloff portion of the response

curve, reducing the need to know where the 6-dB region transforms into 3-dB

region. The third option involves attempts to eliminate any rolloff in

response of the probe; this would require redesign of the probe itself. The

large bulk of the sapphire fiber must be reduced before the frequency response
'% ,.

of the probe can be improved. .. ;

-..
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The effect of the probe diameter on the transfer function is given by the con-

vective heat-transfer coefficient:

P .

0.48 R 0.51 K
h = (

where

Re = the Reynolds number of the flow

d = the diameter of the optical fiber

K = the thermal conductivity of the gas
g

*- Substituting the above expression into Eq. (31) indicates that if the size
' '.

reduction is relatively small--such that the thermal wavelength at high fre-

quencies becomes smaller than the physical dimensions of the probe--then the

response will increase linearly with a decrease in fiber diameter. If, how-

ever, the fiber size is made extremely small and the thermal wavelength does

not become small with respect to the size of the fiber, then Eq. (33) deter-

mines the response of the probe. In this case a reduction in the probe diame-

ter will quadratically increase the response of the probe. In order to obtain .

some idea of how small the fiber should be to give a response of 1000 Hz, the

thermal wavelength in the sapphire was calculated from Eq. (32) to be 1 mil.

Thus, a 25-pm sapphire fiber would be required to achieve a 1000-Hz response

without compensation.
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2.9 THERMOMETRY AND SPECIES-CONCENTRATION MEASUREMENTS BY
LASER-DEFLECTION TECHNIQUES

The availability of tunable high-peak-power laser sources has stimulated .

research in the area of combustion diagnostics, with the goal being to under-

stand the basic fluid and chemical properties of combustion. Thermometry is

usually conducted and majority species detected by means of the CARS tech-

nique, while radial intermediates at much lower concentrations are often...

probed using laser-induced fluorescence (LIF). CARS, however, is typically

insensitive to trace species; and LIF techniques often suffer from collisional

quenching of the fluorescence in high-pressure environments. As a result

emphasis has recently been placed on the development and application of tech-

niques which are not only sensitive to minor flames species but also free from

uncertainties due to collisional quenching. Newly developed techniques

include optoacoustic laser deflection (OLD) and photothermal deflection spec-

troscopy (PTDS). These techniques not only complement CARS and LIF but also

extend the applicability of laser diagnostics in the area of combustion

studies. L

These techniques are discussed in the three papers which follow. The first

entitled, "Hydroxyl (OH) Distributions and Temperature Profiles in a Premixed

Propane Flame Obtained by Laser-Deflection Techniques," demonstrates the

ability of PTDS in the measurement of the OH radical in a premixed flame. The

OLD technique was utilized for thermometry. Both average-temperature profiles l4%*

and probability distribution functions were obtained on a premixed flame by

this technique. The second paper entitled, "Time-Resolved Temperature Mea-

surements in a Laboratory Flame Using the Optoacoustic Beam-Deflection

Method," demonstrates the high-repetition-rate capability of the OLD technique 4% %
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for thermometry measurements in a premixed flame. The third paper entitled,

"Time-Resolved Temperature Measurements in a Premixed Flame Using the Opto-

acoustic Beam-Deflection Technique," discusses in detail the generation of the
Z,. -

acoustic pulse, the temperature dependence of the sound velocity, the deflec-

~ tion of the probe beam by the sound wave, and measurements at 100 and 1200 Hz

in the reaction zone of a premixed flame. The results of this work indicate

that a high-frequency copper-vapor laser could be utilized for thermometry at

5 kHz. The sound production on solid surfaces was investigated in conjunction

with an AFIT thesis student, Maj. Haksoo Yoon.
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Reprinted from Applied Optics, Vol. 2:1, page 3873, November 1, 1984
.Copyright 1984 by the Optical Society of America and reprinted by permission of the copyright owner.

Hydroxyl (OH) distributions and temperature profiles
in a premixed propane flame obtained by

4 laser deflection techniques

Sigmund W. Kizirnis, Robert J. Brecha, Biswa N. Ganguly, Larry P. Goss, and Rajendra Gupta

OH-concentration distributions and temperature profiles have been measured on a premixed propane-air
flame hy laser deflection techniques. Photothermal deflection spectroscopy has been utilized for the mea-
surement ot the OH radical. Both a low-spatial-resolution (near collinear) and high-spatial-resolution
(crossed-beam) scheme were used to profile the premixed flame. An optoacoustic deflection technique was
utilized for thermometry. Both average-temperature profiles and probability distribution functions were
determined by this technique. A comparison with data obtained by the CARS technique demonstrated that
no significant flame perturbation was occurring.

I. Introduction applicability of laser diagnostics in the area of com- %

The availability of tunable high-peak-power laser bustion studies.
sources has stimulated research in the area of combus- Photothermal deflection spectroscopy (PTDS), as
tion diagnostics, with the goal being to understand the pioneered by Amer and co-workers,13 has been shown
basic fluid and chemical properties of combustion, recently to have excellent potential for minority-species
Thermometry and majority species are usually detected concentration measurements, 12 as demonstrated by N.
by means of Raman techniques," ,2 while radical inter- observation of the PTDS signal from NO 2 produced in ".e.%

mediates in a much lower concentration are often a methane-air premixed flame. It was further dem-..
probed using laser-induced fluorescence (LIF).:3- 5  onstrated that the OH radical could be observed in a ,'

Raman methods, however (with the exception of elec- premixed methane-air flame by the PTDS technique.' 0  ,
tronically enhanced Raman techniques), ,7 are insen- In this technique two laser beams, a dye laser (pump)
sitive to trace species; and LIF techniques often suffer beam and a He-Ne (probe) beam, intersect in the region
from collisional quenching of the fluorescence in high- where the molecules of interest are to be detected. The
pressure combustion environments. . As a result em- pump beam is tuned to an absorption line of the mole-

phasis has recently been placed on the development and cules of interest, and the laser energy absorbed by these
application of techniques which are not only sensitive molecules is lost through quenching collisions with other
to minor flame species but also free from uncertainties flame molecules, resulting in the heating of the flame
due to collisional quenching. Newly developed tech- gases. Due to the spatial profile of the laser (generally
niques include optoacoustic spectroscopy, .9 pho- assumed to be Gaussian) and thermal diffusion of heat, %
toacoustic deflection spectroscopy (PADS)' ° ,0 " and a refractive-index gradient is produced. The probe
photothermal deflection spectroscopy (PTDS).10

,
2 ,

W beam is deflected due to this gradient which is observed
These techniques not only complement the well-es- by a position-sensitive optical detector. The amplitude
tablished Raman and LIF techniques but also widen the of the signal is proportional to the concentration of the

probed molecules. The technique has high sensitivi- " ,
ty, 1

0
.1 2 which is appropriate for minority species, and

displays good spatial resolution if the two beams in- %
tersect at approximate right angles. Temporal reso- ..

Rajendra Gupta is with University of Arkansas, Physics Depart- lution can be achieved by using a pulsed laser. The
ment, Fayetteville, Arkansas 72701; L. P. (oss is with Systems Re- technique is nonperturbing, a typical temperature
search Laboratories, Inc., 2800 Indian Ripple Road, Dayton, Ohio change produced by the absorption of laser energy being
45440; the other authors are with AFWAL Aero Propulsion Labora- chane rded by t
tory, Wright-Patterson AFB, Ohio 45433. of the order of 1 K. i'Received 29 March 1984. Another technique which has been shown to have0003-6935/84/213873-09$02.00/0. high potential for the measurement of very low con-

c 1984 Optical Society of America. centrations in combustion environments is the opto-
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acoustic (photoacoustic) technique. Parts-per-million ... :
sensitivity has been obtained with NO 2 molecules,9 and
higher sensitivity can be achieved for strongly absorbing
OH molecules.'4 Crosley' 5 recently demonstrated that
OH, NH 2 , C0 2, and H 20 could be monitored by means
of this technique. Achievement of spatial resolution
through the use of a microphone as the acoustic detec- - "
tor, however, is difficult. A detection method
employing laser beam deflection (PADS) has been used -
in an attempt to improve the spatial resolution of this '- "
technique.10 "' PADS has some advantages over 0%

PTDS, although its sensitivity is lower. ,
One interesting application of the opt )acoustic ... -.

technique which was demonstrated by Tam- involved .oo ,-"
determination of flame temperature by measurement .
of the sound velocity between two probe beams. In this ' I Schematic illustration of the PTDS experimental
method an intense sound pulse was generated by a arrangement
plasma spark created by focusing an intense 1064-nm
10-nsec Nd:YAG laser. Two probe beams were em- tht dve-iaser energy absorbed by the OH molecules --
ployed to monitor the speed of the sound pulse over a eventually appeared as heat in the irradiated region due
distance defined by the probe-beam separation. Since to collisional de-excitation. Refractive-index gradients
the velocity of sound varies with the square root of the were produced in the medium due to the spatial profile
temperature, the temperature can be determined from of the pump-laser beam, which causes the overlapped
the sound transit time. However, the spark as well as probe beam to be deflected. This deflection was
the blast wave generated by the gas breakdown can monitored by a Silicon Detector Corp. model SD-
greatly disrupt the flow and, in the case of unburnt fuel 380-23-21 position-sensitive detector having four
and air mixtures, even cause ignition of the gases. In quadrants; the two quadrants oriented in the direction
the present study a small wire was employed for the of the deflection were used in the present experiment. ,
target of the pump laser for sound production, which The signals from the individual quadrants were passed
reduced the perturbation of the flame and the re- through a current-to-voltage amplifier and fed into a %
quirements for high peak powers. The sound pulse difference amplifier which was used to gain the differ-
produced with a wire target is of sufficient amplitude ence signal. The output of the difference amplifier was b
to permit thermometry with laser powers as low as 2 filtered by a high-bandpass filter (3-dB point at 10 kHz) ,-
mJ/pulse, to reduce low-frequency signal fluctuations due to the -

Studies with both the optoacoustic and the PTIJS He-Ne instabilities and the index-of-refraction gradi-
techniques on a premixed propane-air flame are re- ents in the flame. The signal shape was observed on a .
ported in this paper. The PTDS technique was em- Tektronix model 7904 oscilloscope equipped with a
ployed to determine OH distributions, while the opto- programmable digitizer (model 7D20) and triggered by
acoustic technique was used to determine the temper- the Q-switch pulse from the Nd:YAG laser. The signal
ature profile. was measured by a PAR model boxcar integrator which

was also triggered by the Nd:YAG laser. The boxcar
II. Apparatus gate was set at 20 gsec to envelop most of the PTDS .

The experimental setup for the PTDS studies is signal, and the output of the boxcar was recorded on a
shown schematically in Fig. 1. A Quanta-Ray model chart recorder.
PDL dye laser was pumped by a frequency-doubled Before measurements were made, the He-Ne quies-
Quanta-Ray Nd:YAG laser. The DCM dye employed cent position was adjusted to give a zero difference -
typically delivered 7 mJ of energy in a pulse length of signal. This insured that the maximum deflection was -
10 nsec at 6200 A. The dye laser output at 6200 A was observed and aided in minimizing the high-frequency "
frequency doubled by an Inrad autotracking harmonic noise of the probe laser. A deflection of the probe laser
generator assembly. The typical UV output at 3100 A would result in an imbalance between the two quadrants -

was -200 /J/pulse in a spectral width of-18 GHz. The and produce a difference signal.
frequency-doubled UV output was tuned to one of the The arrangement for the optoacoustic experiment is
main branch transitions of the OH molecule and allowed shown in Fig. 2. The frequency-doubled output from
to pass through a propane-air flame. Radiation from the Quanta-Ray Nd:YAG laser was mildly focused
a Spectra-Physics model 233 He-Ne laser intersected (50-cm focal length) on a small 500-Mm wire. Two %
the dye-laser beam inside the flame. These beams were He-Ne lasers were used for the probe beams; each beam
focused in the flame using long-focal-length lerses (-50 was imaged onto a separate PIN diode detector. The 4_6 S
cm). The beam diameter near the focal point was -1 electronics for the PIN diodes were similar to those of
mm. Both a low-spatial-resolution near-collinear and the quadrant detector, except that no difference-am-
a high-spatial-resolution 12" crossed-beam configura- plifier stage was employed. The probe beams were lo-
tion were used to profile the premixed flame. Most of cated 2 cm upstream of the wire sound source to mini- . .
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Fig. 2. Schematic illustration of the optoacoustic experimental
arrangement.

mize flow disturbances within the probe region. The
probe beams were placed 2 mm apart, resulting in an
estimated spatial resolution of 0.5 mm3 . A 2-mJ
532-nm laser pulse, mildly focused in ambient air, re-

0 sulted in a deflection signal of 0.2 V.
The burner was fabricated from stainless steel andis 7.6 cm [3 in.) in diameter. A fuel-rich mixture of 

-:

propane and air with an equivalence ratio of 1.48 was m
used. The flame extends -18 cm (-7 in.) above the ( b )A
burner head. A chimney, which was used to help sta- Fig. 3. Typical single-shot photothermal signal from OH molecules '.-

bilize the flame, greatly limited the accessibility of the in propane-air flame with probe and pump beams (a) near-collinear -

upper part of the flame for optical measurements. and (b) 12* crossed. Pump laser tuned to Q,(7) of OH at 3089.6 A.
Some of the experiments were conducted without the .

chimney, and the flame in these conditions was unsta- %
ble. The burner was mounted on a motor-driven X-Y ployed, can remove turbulence-induced refractive in- A
translator to permit horizontal and vertical move- dices. Second, the PTDS signal occurs immediately
ments. after the laser pulse, thus allowing for a narrow window

to minimize laser and detector noise.
IlI. OH Measurements By routing the amplified and filtered difference

A typical single-shot OH photothermal signal de- output of the quadrant detector into a boxcar integrator,
flection is shown in Fig. 3(a). The frequency-doubled the relative signal strength of the photothermal de-
dye laser was tuned to the Q 1(7) absorption line of the flection could be recorded and plotted on a strip-chart
V" = 0 to L" = 0 band of the X 2 r-A 22 + electronic recorder as the flame was traversed. This allowed the 4L

transition of OH at 3089.6 A. The pump and probe OH profiles shown in Fig. 4 to be measured. The boxcar
beams were arranged in the near-collinear configura- integrator gate was set at 20 usec with a 1 -msec inte- %
tion, resulting in low spatial resolution. At the instant gration time constant. The zero of the abscissa of Fig.
of laser firing, the probe beam was deflected due to re- 4 corresponds approximately to the center of the flame.
fractive-index gradients produced by the adsorption of These measurements were repeated at different heights
laser energy by the OH molecules and subsequent above the burner head, as indicated in the diagram.
heating of the irradiated region due to quenching col- Since the beam configuration was not changed and only
lisions. The deflection of the probe beam gave rise to the flame was moved through the beams, the photo
a difference signal at the quadrant detector. The probe thermal signal strength was directly proportional to the AA
beam returned to its original position on the time scale OH density (neglecting any ( rrections for the tem-
of the thermal diffusion. The deflection of the probe perature nonuniformity acro the flame). Note that
due to absorption of the OH molecules can be distin- the OH density is highest nedr the edges of the flame.
guished from refractive-index gradients produced by The asymmetric OH density was reproducible and
the flame (even in the case of high turbulence) in two consistent from run to run and believed to be charac-
ways. First, as seen in Fig. 3, the frequency of the teristic of the burner employed. Due to the presence
PTDS signal is of the order of 15-50 kHz, while the of the chimney, measurements at heights >:35i mm alboe
maximum fluctuations in a turbulent flame are 10 kHz the burner head could not he made. The observed
(typically 1-2 kHz). Thus, electronic filtering, as em- profiles are quite similar to OH profiles obtained by
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Fig. 4. OH concentration profiles in propane-air flame at various Fig. 5. Results similar to those of Fig. 4, with the flame being oper-
heights above burner head. Probe and pump beams were near-col- ated without a chimney. In these conditions, the flame was flickering
linear, giving low spatial resolution. Zero of abscissa represents center at the rate ofa few hertz; amall oscillationa in the figure represent the

of burner, effect of flicker vn OH density. OH peaks are reversed compared with e
those in Fig. 4, since the direction of the flame scan was reversed.

Alden et al. 7and Dyer and Crosley Is on premixed hy- evaluation where high spatial resolution is required and ... '

drocarbon-air flames. a cross-beam configuration must be employed. To
To facilitate measurements at heights >35 mm above demonstrate that the signal-to-noie ratio was suffi- '

the burner head, the stabilizing chimney was removed ciently large-even with a small overlap between the
and the flame flickered at the rate of a few hertz. Fig- pump and probe beams-a crossing angle of 120 was
ure 5 shows the OH profiles at various heights above the chosen as a test case. In the near-collinear configura- ..
burner in the nonsteady flame. The OH concentration tion case, the interaction zone over which the mea-
at the edges appears to be reversed; however, it was the surement was made consisted of a substantial part of
direction of scan which was reversed. The periodic the 8-cm flame width. With a 120 crossed-beam con-
oscillations in the signal are believed to be due solely to figuration, the interaction length is -3 mm (3 mm 3 vol).
flicker of the flame and do not represent laser pertur- The observed signal drop shown in Fig. 3(b) on changing
bations or detector noise. If laser perturbations were from the near-collinear to the 120 crossed-beam con-
indeed occurring, they would also have been displayed figuration was a factor of 4.
in Fig. 4. The likelihood of laser perturbations of this The spatially resolved OH distribution in the pre-
flame is small due to the low powers used for the mea- mixed flame, as measured by the crossed-beam tech-
surements and the large size of the burner. Small jets, nique, is shown in Figs. 6 and 7. In Fig. 6 the chimney
however, are very sensitive to acoustic perturbations, was replaced on the burner to permit a relatively stable
and care must be taken with these systems when mea- flame to be profiled. Several points should be noted in

* surements are made close to the jet nozzle.' 9 The flame Fig. 6 relative to the low-resolution profile shown in Fig. %
flicker in our experiment can be avoided by using a 4. The two peaks in OH concentration near the edge

. transparent quartz chimney. of the burner are much sharper in the crossed-beam case
While the measurements made with the collinear than in the collinear case, while the central regions of

arrangement displayed strong signals, indicating good the flame, <35 mm high, show a much lower OH num-
detectivities of OH in the flame, the spatial resolution her density. This is due to the large interaction region
of the measurements greatly limits the usefulness of the in the low-resolution case which acts to smear and
data-especially in the area of combustion-model broaden the observed profiles.
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indicate.

%j~'~ ~ _43mm

Figure 7 showstheeffectoftheflame flicker when the 4  0 -- 35mm
chimney is removed. Note that the OH profile breaks .41-
up into four peaks at about the midpoint of the flame. -. -o

* This is most evident in the 65-85-mm range in Fig. 7. 1 A ~ -25mm

The four peaks are believed to be an artifact of the
synchronization of the low-frequency flame flicker with
the 10-Hz data acquisition. As one moves higher up the 1OSTIO ( '-" 15mm
flame, the four peaks collapse into one. Most of the F

low-frequency noise at heights above 25 mm in Fig. 7 is
caused by flame instability. This breakup of the OH as
distribution was not observed in Fig. 5 due to the spatial - .5mm
averaging that was occurring with the small-angle beam -4.0 -2.0 0 *2.0 '4.0
overlap. 

BRETo put the OH concentration measurements onf an cun er

at one place in the flame by absorption measurements. Fig. 7. Data similar to that of Fig. 6 with chimney removed. The

mboluecale, th ash o lTe OHD desitya was deeried POs rsl s IIont thtCTM anb ueda

The laser was tuned to the Qa (7) line of OH molecules flame, in this case, was flickering and wandered near the top.
at 3089.6 A, and absorption of the laser energy was

. measured by a Scientec power meter. Theabsorption
was measured to be 8.6% at a height of 5 mm above the
burner head which corresponds to an OH density of -5 beam. The autotracker rotated the second harmonic

X1014 molecules/cm:' at the edge of the flame. The crystal for optimum UJV output as the dye-laser fre-
flame in the present study was used in fuel -rich co~ndi- quency was scanned, giving a smooth UV output as a
tions (qiaecrai=1.8.function of frequency. The features in Fig. 8 can be

In Fig. 8 the photothermal deflection spectrum of OH identified with known transitions in the OH spectrum.
molecules is shown. The PTDS signal was recorded These results demonstrate that PTDS can be used as
using a boxcar averager, as above, at a fixed point in the a sensitive spectroscopic technique for atomic and

flame while scanning the frequency of the dye-laser molecular species.
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beams with and without the flame. Equation (3) is
found to give only a small underestimate of the correct

value (in the present flame conditions) compared with
Eq. (1) which uses the appropriate R and C,(T) values
as well as takes into account the gas velocities of the
flame. In general, this will not be the case in a turbulent

*diffusion flame where iff can vary greatly, and thus, Eq. pX
li~ (1) must be employed.
III IThe basic experiment is to measure the velocity of an

acoustic pulse as it travels through the flame. A smallU wire which was pulsed with a low-power, <2 mJ/pulse,
Imildly focused frequency-doubled Nd:YAG laser wasused as the acoustic source (see Fig. 2). Absorption of

V jthe pump beam by the wire produces a localized heating
of the wire which acts to heat the surrounding gases,

3074 30 79,30,43 , 8, 30, =., 4' 3 ,0 .193104giving rise to a pressure increase. This acoustic pulse
travels outward, causing a change in the refractive index

FAg. .E Absorp tin- of the medium. The arrival of the acoustic pulse at a
Fig. 8. Absorption spectrum of OH molecules. Photothermal signal beam was measured by an observation of the deflection

strength was plotted as the pump laser frequency was scanned of that beam. Two probe beams separated by 2 mm

were used to monitor the sound velocity. The probe %
IV. Thermometry beams were arranged upstream of the wire in order that

no significant perturbation of the flame would be pro-As mentioned previously, the velocity of an acoustic duced by the wire at the position of the probe beams..
wave which is propagating through a flame is dependent The photoacoustic deflection signals in the absence
on the temperature of the flame. The relationship and presence of the flame are shown in Fig. 9. Note the
between the temperature and the acoustic-wave-..between theltempeature nd the acoustic-wav drop in amplitude of the acoustic signal with tempera-
propagation velocity is given by ture. This effect is due to the lower number density at

T _V_ _ __the elevated temperature. The width of the acoustic
T R (1) deflection is primarily determined by the transit time

R + CT)l of the sound pulse across the He-Ne probe beam. The N.
probe beams were focused to decrease their size andwhere fii is the average molecular weight of the gases in increase the time resolution (spatial resolution) of the

the flame, R is the universal gas constant, Vo is the acoustic measurement. The acoustic deflection signals
sound velocity, and C , (T) is the temperature-depen- were recorded on a transient digitizer which allowed the
dent average molar specific heat at constant volume in acoustic transit time to be determined. Both single-
the flame. shot and averaged transit times were recorded and

The solution of Eq. (1) for temperature T requires compared. The temperature profiles shown in Fig. 10
that 7F and C, (T) be known. In a premixed propane- were determined in this manner. Note that the te -
air flame in the experimental conditions of the present perature profile across the premixed flame was essen- *-" "
study, the main gaseous component is N2, with the other tially constant, with a slight drop in temperature at the
major components being C02 and H20. An adiabatic center. As the flame is profiled at different heights
flame code ° can be used to yield the gaseous composi- above the burner, the temperature results clearly reveal
tion of the flame as a function of temperature from the narrowing of the flame along with a gradual drop in ,
which i and C,,(T) can be calculated and used to ex- temperature. Similar results have been obtained with
tract a temperature from a sound-velocity measure- the CARS technique on a propane-air premixed
ment. In the most accurate case, this is the approach flame.2 -
of choice. However, to a first approximation the com- To demonstrate that the beam steering oi the flame
position can be assumed to be constant with tempera- did not adversely affect the temperature measurements,
ture; and by simply ratioing the velocity measured by the stabilizing chimney was removed from the burner
ambient conditions to that in the flame, a temperature and three sets of 100 single-shot temperatures were.
can be determined, taken above the flickering flame. The resulting tem-

. (2) perature probability distribution functions (pdfs) are
vT. 1 shown in Fig. 11. Low in the flame (4 cm above burner

If the gas velocity is small compared to the speed of surface), a single-mode pdf is observed with an average
sound, Eq. (2) can be simply written as temperature of 1831 K ± 67 K. At a position 7 cm

"1 above the burner, the pdf begins to show signs of a bi-
AtI ' (3) modal distribution. The average temperature has

T. T dropped to 1525 K. At the 11-cm position, a distinctive
where Ata and At/ are the measured times required for bimodal distribution is observed with an average tem-
the acoustic pulse to travel between the two probe perature of 1196 K. The index -of-refraction gradients
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in the upper part of the flame are severe due to the large
temperature variation which occurs there. However,
electronic filtering of the signal which blocked the
low-frequency fluctations below 10 kHz and passed the

~. ~ ~higher frequencies associated with the acoustic signal
(500 kHz) allowed the acoustic signals to be measured *- -

LU without interference from the flame turbulence. Thecc0 observed pdf's in this flame are very similar to reported
results on a turbulent flame obtained by the CARScc

Uj This method of temperature measurement was
lwcompared with CARS, which is an established technique -

for temperature measurements. The optoacousticr 1J
technique indicated a temperature of 1950 K, at a po-

-~~ ~ sition 5 mm above the burner surface, while the CARS.--

3W ___ technique indicated 1970 K. Both methods yielded
l7 I I. 7 ~, consistent results, proving the reliability of this tech-
POSITION (cm) fique. Also, for the stoichiometry of the flame, both%

Fig. 10. Average-temperature profiles taken in a pro7pane air flame methods yielded results in agreement with theoretical .
by the optoacollstic technique. predictions21 (equivalence ratio = 1.48, T = 1968 K),
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proving that the presence of the thin wire caused no loan of several instruments. H. Gupta would like to
significant perturbation of the flame at the site of thank the Plasma Physics Group of the Air Force "-> "".
measurement (region between the two probe beams). Wright Aeronautical Laboratories/Aero Propulsion

This technique of temperature measurement is Laboratory for their kind hospitality while this work
closely related to photoacoustic deflection spectroscopy was being performed. This work was entirely sup- .. '- %

(PADS)"1 and to optoacoustic laser deflection (OLD).16  ported by and performed at the Aero Propulsion Lab-
In PADS the acoustic signal is generated by the ab- oratory at Wright-Patterson AFB, Ohio.
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Time-resolved temperature measurements in a laboratory flame
using the optoacoustic beam-deflection method
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A method of obtaining time-resolved measurements of gas temperatures in a combustion environment is described.
The noncontact optical laser-beam deflection technique utilizes rapid heating at a gas-solid interface as an acoustic
source and is capable of acquiring localized temperature values at a repetition rate of >1 kHz. Measurements
taken on a premixed propane-air laboratory flame show a 12.5-Hz thermal oscillation at the flame edge and no sig-

nificant oscillation at the center.

The combustion-diagnostics area has undergone rapid The experimental setup is shown in Fig. 1. The
growth over the past several years owing to the avail- pump laser provides a 6-mJ, -30-nsec-wide pulse at 308
ability of tunable high-peak-power laser sources. Such nm. Although this laser-built for the U.S. Air Force I

* techniques as Raman, nonlinear Raman [coherent Aero Propulsion Laboratory 8-is not a commercial
anti-Stokes Raman spectroscopy (CARS), stimulated product, suitable 200-Hz systems are readily available.

*) Raman gain], and laser-induced fluorescence have been It is anticipated that the visible output of available --.
widely applied for thermometry and major-minor copper-vapor lasers that are capable of operation at-5 . .

"4 species measurements to the study of reacting-flow kHz will also serve as an acceptable pump source. The
systems.'- 5 The extension of these techniques to high main requirements of the pump source are a short pulse
frequencies-essential to an understanding of turbu- of <100-nsec duration at an energy of >5 mJ and a
lence phenomena-has suffered from the lack of high- wavelength range within the absorption band of the " e%
repetition-rate, high-peak-power laser sources. solid surface.

.d High-frequency thermometry has, to date, been carried In a recent study9 of 15 potentially useful target
out using fine-wire thermocouples or Rayleigh scat- materials, tungsten received a high rating at room
tering. Both methods are extremely difficult to apply temperature, but the amplitude of the acoustic impulse
to a practical flame system. in the presence of a flame dropped rapidly as a function

The work of Zapka et al. 6 was the first demonstration of the number of pulses. Titanium was found to be the 1 %
of the optoacoustic laser-beam deflection (OLD) most acceptable material for use with the laboratory
method. These authors utilized the focused beam of flame of interest here. The acoustic-pulse amplitude
a 200-mJ Nd:YAG laser to effect a gas breakdown, was essentially independent of the number of pulses,
Propagation of the resulting acoustic pulse was detected making it ideal for high-repetition-rate operation.
upstream in the gas flow of a burner by observation of For maximum spatial resolution the rectangular-
the deflections of two He-Ne laser beams separated by shaped output of the XeCl laser was focused onto the
1 cm. A basic limitation of the original work resulted target in such a way that the long dimension was along
from the method of sound-pulse generation. The re- the axis of the target (perpendicular to the direction of
quired gas breakdown dictates the use of a high-power gas flow). This orientation resulted in minimal
laser, limiting the choice of excitation sources. spreading of the cylindrically shaped acoustic wave as

Recent work by Kizirnis et al.7 has shown that a
suitable acoustic pulse can be generated without the
occurrence of a gas breakdown. In this case local .......
heating at a gas-solid interface (thin tungsten wire) ."
caused by a mildly focused, low-power pulsed laser o,
served as the acoustic source.... - -j- -"

Since optical absorption at a gas-solid interface R
covers a broad spectral range, wavelength requirements ,
of the pump laser are greatly relaxed. Also, the neces- ,
sary optical power appears to be within the range of ....
several commercially available high-repetition-rate
lasers, including the copper-Va por and rare-gas-halide - o

systems. Consequently, a 1.5-kHz XeCI laser has been
utilized in the present experiment to demonstrate the .. "e-

% efficacy of the OLD technique to produce time-resolved Fig. 1. Optical setup for high-repetition-rate temperature
measurements of temperature fluctuations within a measurement- utilizing the optoacoustic laser-beam deflection
propane- air premixed flame. technique. ,. ,

0146-9592/85/070324 03{$2.W0/0 c 1985, Optical Society of America
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The 2.59-psec separation of the probe signals at room
temperature indicates an effective beam separation of

-.. 1.00 mm. The drop in signal amplitude at high tem-
peratures is primarily due to the decreased gas number
density. This amplitude decrease causes difficulty in
determining the positions of the peaks since the sig-
nal-to-noise ratio is quite small. This situation is ag-
gravated by the fact that the effective frequency of the

...... - signal is very close to the noise frequency. It was found
-, necessary to use a fourth-order, bandpass digital filter

S-- - --- ..... in processing the data for separation of the acoustic
pulse signals from the high-frequency noise of the

l° He-Ne probe lasers. However, the optical setup has not " -

yet been optimized; improvements subsequent to the
Fig. 2. Typical optoacoustic beam-deflection signals in flame
and in room-temperature air. 2400

v AY, , -P ,.

it traveled upstream (downward in Fig. 1). The use of 16mm %-
a sliding acoustic mask showed the spatial resolution TA=1 -01 -K
along the probe beams to be -2-3 mm for the probe
beams located 0.75 cm from the target. At lcm from.
the target, a resolution of -3-4 mm was obtained. -. ,,

The sources of the probe beams were two indepen- 01
dent 8-mW He-Ne lasers. Although low-frequency .
fluctuations owing to flame turbulence (and resultant _ _-_-_

probe-beam wander) and extraneous acoustic noise can 2400
be easily eliminated by electronic high-pass filters,
general-purpose He-Ne lasers exhibit amplitude os-
cillations at -1 MHz. In addition, this noise is polar- 14 mm
ization dependent in that the use of polarizing elements, N
such as beam splitters, will cause an increase in the TA= 1902 K
observed noise level. Unpolarized low-noise lasers were
used in the present study.

In the ideal case the beam waist in the detection re- -_,__."__."__"

0*0gion would be smaller than the acoustic wavelength.
Assuming that this wavelength is determined by the - 2400
pump-laser pulse width 0 (-30 nsec for the XeCl source 4
used here), the probe beams should be limited to a di- W V,..

ameter of -40 um at gas temperatures of -2000 K and
-15 Am at room temperature. From observed pulse < 12 mm
widths the present setup has a beam diameter of ~200 TA = 2063 K
Am. This has proved to be acceptable for measurement ...
precision of better than ±1:00 K. a

The entrances of the fiber optics shown in Fig. I serve I-
as the motion-detection points of the deflected probe C0...
beams; the output ends are incident upon commercial __,_'.__-___

fast photodiodes. The fiber optics may be eliminated 2400
and the probe beams set incident upon the edge of the
active detector region. The 200-m-diameter fibers, 4
however, provided a high degree of alignment flexibility
in this experiment. CENTER

The signal currents of the fast optical diodes of Fig. TA =2010 K
I were routed through current-to-voltage converters,
filtered for removal of low-frequency components (3-dB
point = 75 kHz), buffered into high-speed amplifiers,
and terminated at high-speed analog-to-digital con- 0
verters (LeCroy 6102 amplifier and MM8818 transient 0.5 1.0
recorders). The 8-bit digitized outputs were stored in t (80c) %
real time in a cache memory (98 Kbytes maximum per ,
channel) and later processed in a microcomputer. Fig. 3. Plots of temperature versus time in premixed pro-

Figure 2 shows typical signals acquired in room- pane-air flame at various radial distances 3 cm above burner
temperature air and in a premixed propane-air flame. surface.
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work reported herein have shown enhancements in ± 73 K for a sample size of 384 (maximum memory
signal-to-noise ratio. utilized). The uncertainty here is defined as one

After filtering of the acquired signals, a correlation standard deviation (probability distribution function
operation was performed in order to determine the time is alpproximately Gaussian): the greatest recorded error
difference ol the positive peaks of the recorded signals. was 265 K. The (CA RS technique was used at the same
The temlerature ('') is related to the acoustic-wave- position under similar burner conditions, yielding a
propagation velocity (v) by("- temperature value of 2030 ± 110 K for 1500 samples.

This substantiates the earlier work of Kizirnis et al.,7
T = v 2 /R 1+ R (1) although the present data were collected at a 200-Hz

I repetition rate.
where m is the average molecular weight of the gases, The high-repetition-rate application of the opto-
R is the universal gas constant, and Cv(T) is the tem- acoustic laser-beam deflection technique described here "
perature-dependent average molar specific heat at is the first reported demonstration of nonintrusive
constant volume. The ratio of the temperature in a time-resolved temperature measurements in a flame.
flame (Tj) to a reference temperature (Tr) at a mea- The relative ease of implementation and the ready
surement point, then, is availability of suitable pump sources results in this

R amethod's having wide applicability in combustion di-
1 + C agnostics and modeling.

= (At,'12 -- , (2) This research was supported through the San Jose
Tr At] m 1 + _ State University Foundation by U.S. Air Force contract

F33615-81-C-2013. The authors wish to thank D.

where rnf and fiz refer to the average molecular weights Trump for his assistance with the signal-detection
at the measurement point in the flame and at reference electronics and B. Ganguly and S. Kizirnis for helpful
conditions, respectively. Here, the velocity ratio is discussions.
represented by the ratio of the measured acoustic travel -..
time (At,) at Tr to the travel time (At,) at Tf since the
probe-beam separation distance is constant. Room- References

temperature air was typically used as the reference 1. M. D. Drake, M. Lapp, C. M. Penney, S. Warshaw, and "- .-V
point. B. W. Gerhold, in Proceedings, Eighteenth Symposium "' -

If the chemical composition of the flame is known, the (International) on Combustion (Combustion Institute,
uncertainty in Eq. (2) is determined by the uncertainty Pittsburgh, Pa., 1981), p. 1521.
in the measurement of the acoustic travel times, as 2. A. C. Eckbreth and R. J. Hall, Combust. Sci. Technol. 25,
discussed above; statistical sampling will improve this. 175(1981).
For unknown stoichiometry the range of error intro- 3. J. W. Daily, Appl. Opt. 16, 568 (1977).
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" examined at the center of the flame. The high-repeti- Meeting of the American Society of Mechanical Engi

tion-rate OLD method yielded a temperature of 2010 neers, New Orleans, La., )ecember 9- 14. 1984.

0: 177



AIAA-85-1445
Time-Resolved Temperature Measurements in a .-
Premixed Flame Using the Optoacoustic Beam-
Deflection Technique

L. P. Goss, D. F. Grosjean, and B. Sarka, Systems
Research Laboratories, Inc., Dayton, OH 45440-3696;
S. W. Kizimis, AFWAL Aero Propulsion Laboratory,
Wright-Patterson AFB, OH 45433-6503

-5-5

AIAAISAEIASMEIASEE 21st Joint
Propulsion ConferenceJuly 8-10, 1985 / Monterey California

For e to copy or republish, contact the Amnrcan Institute of Aeronautics and Astronautics
1633 Broadway, Now York. NY 10019

178



T 7 F71 - .T . 7 T 77 77 -

TIME-RESOLVED TEMPERATURE MEASUREMENTS IN A PRENIXED FLAME USING
THE OPTOACOUSTIC BEAN-DEFLECTION TECHNIQUE*

L. P. Goss.** D. F. Grosjean, and B. Sarka
Systems Research Laboratories, Inc. 'e

Dayton. OH 45440-3696

S. W. Kizirnis
AFWAL Aero Propulsion Laboratory
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Abstract

A method of obtaining time-resolved measurements of the resulting acoustic pulse was detected up-
of gas temperatures In a combustion environment is stream in the gas flow of a burner by observation
described. The noncontact optical laser-beam of the deflections of two He-Ne laser beams sepa-
deflection technique utilizes rapid heating at a rated by 1 cm. The time between deflections
gas/solid interface as an acoustic source and is represented the difference in arrival time of the . .(
capable of acquiring localized temperature values acoustic pulse; after correction for the gas-flow
at a repetition rate of > i kHz. Generatif-6f the velocity, the acoustic velocity was determined and
photoacoustic signal at the target surface, deflec- the average temperature within the measurement area
tion of the laser probe, and the relationship extracted.
between the deflection and the detector voltage are
discussed in detail. Measurements taken on a A basic limitation of the original work resulted
Meker-type pre-mixed propane-air laboratory flame from the method of sound-pulse generation. The -. o
show a 12.5-Hz thermal oscillation at the flame required gas breakdown dictates the use of a high-
edge and no significant oscillation at the center, power laser, limiting the choice of excitation
Measurements through the reaction zone of a Bunsen sources. In addition, a blast wave resulting from
burner-type flame display a high degree of fluctua- the breakdown may perturb the measurement region and
tion, varying from room temperature to stoichio- produce erroneous results.
metric temperature for the fuel-to-air mixture. 7

Recent work by Kizirnis, et al. , has shown that
Introduction a suitable acoustic pulse c'i T51 generated without

the occurrence of a gas breakdown. In this case
local heating at a gas/solid interface (thin tung-

The combustion-diagnostics area has undergone sten wire) caused by a mildly focused, low-power
rapid growth over the past several years due to the pulsed laser served as the acoustic source. Results
availability of tunable high-peak-power laser obtained on a propane-air premixed flame were simi-
sources. Such techniques as Raman, nonlinear Raman lar to those from measurements made using the CARS

(CARS, SRG), and laser-induced fluorescence (LIF) technique.
have been widely applied for thermometry and major-
minor species m surements to the study of reacting Since optical absorption at a gas-solid interface
flow systems.-9 The extension of these techniques covers a broad spectral range, wavelength require-

to high frequencies--essential to an understanding ments of the pump laser are greatly relaxed. Also,
of turbulence phenomena--has suffered from the lack the necessary optical power appears to be within the " *"
of high-repetition-rate, high-peak-power laser range of several commercially available high-rep- -.. ,

sources. High-frequency thermometry has, to date, rate lasers, including the copper-vapor and rare-
been carried out using fine-wire thermocouples or gas-halide systems. Consequently, a 1.4-kHz XeCl 9

Rayleigh scattering. Both methods are extremely laser has been utilized in the present experiment to
difficult to apply to a practical flame system. demonstrate the efficacy of the OLD technique to

produce time-resolved measurements of temperature
This paper describes a high-frequency demonstra- fluctuations within a propane-air premixed flame.

tion of the optoacoustic laser deflection (OLD)
thermometric technique which can be applied to Theoretical

diverse, practical flame environments. The tech-
nique involves measurement of the propagation To obtain an understanding of the OLD technique.
velocity of an acoustic impulse between two mea- it Is important to review the temperature dependence

surement points defined by monochromatic beams. of the acoustic velocity, the photoacoustic genera-

The method is nonintrusive at the point of mea- tion of the sound pulse, the detection of the sound

surement, does not require focus coincidence of pulse by deflection of the probe laser, and the
multiple beams, and can be used with a number of relationship of the observed electronic signal to
commercially available high-repetition-rate lasers. the sound intensity. ._

The work of Zapka, Pokrowsky, and Tam6 was the Temperature Dependence of Sound Velocity
first demonstration of the OLO method. These
authors utilized the focused bea of a 200-mJ Nd: The relationship between the speed of sgund In a
YAG laser to effect a gas breakdown. Propagation gas mixture and the temperature is given by ..

-*Work supported in part through the San Jose State T a o (1)

University Foundation by USAF Contract R[ + (T
F33615-81-C-2103 and in part through the AFWAL L.v(-"J
Aero Propulsion Laboratory by USAF Contract
F33615-8o-C-2054.
S"Moer AIM where is the average molecular weight of the gases
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in the flame, R the universal gas constant, vO the ) 2

sound velocity. and C(T) the temperature-dependent R L - (R + R) L -VAT (8) . .
average molar specifyc heat at constant volume in
the flam. Ratloing the velocity data from mea-
surements under ambient conditions (subscript a) to where 0 Is the volumetric expansion coefficient. If
those in the flame (subscript f) gives AR << R, the increased radius is

Tf v (2) A M (9)

where the constant K incorporates the gas constant, Inserting AT from Eq. (7), ?..,

molecular weight , and specific heat. In the case
of most flams encountered in the laboratory with
slow gas flows (less than 20 m/s), the time for Eoad
transit of the sound pulse can be used directly, AR - Z (10)
yielding p

f  . /Arae ' ".K,'S At 2 K (3) This expansion creates a pressure wave which travels

ru radially outward from the illuminated cylinder at

the velocity of sound. The change in pressure P
created at a point is related to the frequency of

Equation (3) is the basic equation used for data the sound wave f and the displacement AX through
analysis in this work. The dependence of the sound a
velocity upon average molecular weight and specific ..
heat must be taken into account to ensure accurate p - 2 faVaAXp (11)
temperature measurements. For small hydrocarbon P 2ra.-A

fuels, however, neglecting the composition (ten- ,..
perature) effect of these variables results in But AX is proportional to AR evaluated In Eq. (9).
relatively small temperature errors (especially in Thus, Ax a const x AR and .1
the case of lean fuel-to-air mixtures).

Production of Acoustic Pulse fa va.

The generation of the photoacoustic pulse from -const. r- o (12)
a target material resulting from photon absorption 

.

from a laser relies upon the conversion of the
absorbed optical radiation into heat by nonradia- For a fixed geometry of laser illumination and prop- -

tive relaxation processes. It is assumed that non- erties, f. and R are constant. Therefore,
radiative relaxation predominates in the medium,

4 where the thermal energy Et is given by

P os.r a (13)
Eth Eabs -Eot (4) Puconst.r-Eo(.

Knowing the specific heat at constant pressure C Equation (13) contains most of the important parame-
, the temperature rise AT o' the Illuminated volu;e ters necessary for practical applications of photo-

can be evaluated from acoustic spectroscopy, but it does not provide
Information regarding the temporal or spatial dis-

Eth * CpVATh (5) tribution of the photoacoustic output pulse.

For a cylindrical excitation source, the pressure
amplitude of the photoacoustic signal is given by8

where V Is the illuminated volume and p is the mass
density of the medium. Since ic.OE 0 G o /2(14P(r,t.) * -2. (I-. (14).?'..

V WR L (6) - P
Several interesting observations are possible

'the temperature rise is with the pressure amplitude predicted in Eq. (14).
First, the compression pulse at time t. is followed
by a rarefaction pulse (of nearly equal magnitude)

atime t+, with the time tnterval bteen the com- . ,'/.
AT (7) ression and rarefaction being approximately the

laser pulse width. This has been confirmed by
p several Ingyestigators, for example. Sun In and "

Komissarov, Lyamshev and Naugol'nykh, i and %al..pA
Naugolnykh.1l Secondly, the pro e amplitude

Now if one assumes adiabatic, Isobaric expan- P(r,t) decreases with distance as - , in accord-
sion, the new volume of the illuminated region can ance with the conservation of energy In cylindrical %be calculate. Witth AR being the increase in the symmetry, as noted by Landau and Lifshttz.

I  When -.,.

radius of the illuminated volume, the source is a point, the pressure amplitude
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decreases with distance as h/r, In accordance with Eq. (14) the amplitude of the pressure pulse is
the conservation of energy. linearly dependent upon the absorption coefficient

of the material, dependent upon the inverse of the
This behavior is depicted in Figs. 1 and 2 and specific heat (heat capacity of the material), line-

is in good agreement with Eq. (13). According to arly dependent upon the laser power, and inversely
dependent upon the pulse width of the laser. The
latter dependence dictates the use of a short-pulse 2
laser. The power dependence of the laser source is

REFERENCE LINE shown in Fig. 3.

REFERENCE LIN %

0/ 0

% /
o. %

* I U .

4

02

/2 4 0 "0 106 16 2224 26

I POWER DENSITY

Figure 3. Relative Sound Amplitude vs. Laser-
/ o oPower Density for Optoacoustic Signal.

ELATIVE DSTANCE While the signal does display. linear behavior,
pwer densities above 100 MW/ci 2  result in non-

Figure 1. Cylindrical Propagation of rtnear saturation behavior, primarily due to the
Optoacoustic Signal. onset of plasma formation at the surface which .-'.

e % absorbs the laser pulse.
o

According to Eq. (14) the properties of the
target material which affect the acoustic signal
are 1) the absorption coefficient, 2) the heat
capacity, and 3) tne volumetric expansion coeffi-
cient of the surrounding gas.

The results of a study of various materials is
shown In Fig. 4. Titanium was found to be the prime
candidate for the target material.

Probe Beam Deflection by PA Signals
- 3
> Jackson and coworkers derived the equation for .,

* probe beam deflection as a function of the Index of
refraction.13  They used the index of refraction as

2 a function of temperature and neglected the pressure
contribution since, under the conditions of their
study, it was very small compared to the temperature ,--Aw
contribution. They noted, however, that the pres-
sure contribution to the index of refraction has
experimental importance at high frequencies, large
probe beam offsets, and/or high pump beam peak pow-

_ _ _ __ •, ers, which is the case in the present study. Their -. 0
derivation is followed here.

RELATIVE DISTANCE The index of refraction as a function of pressure

Figure 2. Radial-Distance Relation of Opto- is
acoustic Signal from Point Source. n(rt) n + an(rt) n + a nP(r,t) (15)0 0 MPambient
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For qases (n 1). the index of refraction can be
expressed as

n - oKgas (19)

where KGD is the Gladstone-Dale constant and s is
., the density of the gas. Equation. (19) is known as

the simpler Gladstone-Dale law. 10 Since Pgas is
linearly proportional to the pressure of the gas.

srt. Eq. (19) becomes

n- 1,KP (20)

.4. - ~Therefore.
@~n"

• K (21) ,- .4

K .' From Eq. (19),
,, • ,/"dr O

Sr K' . P(r,t) dSr (22)
" path r

-- J

05- '*--..'

since no and an/aP are constant. When the path is
the same for all measurements.

dr
-K" P(r,t) (23) ...'"

a 4 6 '0 .2 .4 4 's 2 2 0' 0

ime Equation (23) indicates that the displacement of the

Figure 4. Relative Sound-Amplitude Variation probe beam from its original direction is linearly
for Different Target Materials. proportional to the sound pressure.

The propagation of the Gaussian probe beam Detector Response

through the spatially varying index of refraction ee n t r a u o n i
is given by!

4  Deflection of the probe beam due to a change in
the index of refraction is detected by a position-

d" dr sensitive detector which converts the deflection:.d (nod r  .'.'Ln*r ' (1,
. )(n z n.r)) (16) into an output voltage. The change in the signal

0d'0r AVdet above the dc level Vdet is demonstrated in ,- ,.

Fig. 6. Assuming a Gaussian probe beam,

where ro is the perpendicular displacement of the As
beam from its original direction, no Is the uniform
index of refraction, and 71 n(r.t) is the gradient
of the index of refraction perpendicular to Sr (the w2

ray path) (Fig. 5). Integrating Eq. (16) over Sr .
gives O ..-.* -'

RO OENECTO %

dr DETECTOR

.. 0 n(r,t) d Sr (17) __- .
r IC

'ro s t ...

PO EBEAM Figure 6. Probe Spot on Detector.

Ode &1 2~2 Vdt .L 4axI...-97exp(-2rZ/w 2)dr

Figure 5. Scattering Geometry. Scattering region det o iWn2
may focus the beam differently in the
Sil and $21 directions (elliptical 4 x
Gaussian beams). N (24)
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where ax - *d, d Is the distance from the focal the target in such a way that the long dimension was
spot to the detector. Io is the probe-beam inten- along the axes of the target (perpendicular to the i1
sity, and w2 is the spot radius on the detector. direction of gas flow). This orientation resulted
Since d is large, in minimal spreading of the cylindrically shaped ,

acoustic wave. Figure 8 shows the result of scan-
nling with a i-mm-wide slot through the path of the

w2 -. (Xd)/(ltwlno) (25) acoustic pulse. The mask was oriented perpendicular
to, and located n. 1 mm above, a HeNe probe beam; the
figure shows the waveshape of the detector output.

where wl is the probe beam radius at the focal spot. Also the signal with the mask removed is shown.
X is the probe beam wavelength, and no is the index From these data the spatial resolution along the
of refraction of the air. Hence, probe beams was estimated to be 2-3 mm for the probe

beams located 0.75 cm from the target.

Vdet 4 0 et (26)_ .

. However, 0 n- dro/dSr , since the deflection is very
{- small. Therefore. *.12.

dr- -0025"
4 1 0 or°________.,

Adetl ~ det .0

'+ ~~dr°  -o0a
K (27) -0. -

r - :.:1 .2
rz

since w1, no , X, and Vd t are constant. When the U

probe beam .s not focused, which is the case in the
present study, d is the deflected spot distance 5
from the detector and w1 is the probe beam radius
at the deflected spot. When the deflected spot is NO MASK
limited to one position, d and wl remain constant;
therefore, the voltage change is still a linear
function of displacement of the probe beam at the
detector.

Experimental 0 0

The experimental setup is shown in Fig. 7. The
pump laser provides a 6-mJ, -. 30-nsec-wide pulse at Figure 8. Optoacoustic Deflection Signals Resulting

308 nm. Although this laser-- blt for the Air from Scan of l-mm-Wide Mask Located I mm
Force Aero Propulsion Laboratory -- is not a com- above Probe Beam. Target-to-beam dis-

mercial product, suitable 200-Hz systems are tance * 0.75 cm. Mask oriented perpen-

readily available. It is anticipated that the dicular to probe beam.

visible output of available Cu-vapor lasers which
are capable of operation at %, 5 kHz will also serve The sources of the probe beams were two independ-

as an acceptable pump source. The main require- ent 8-mnW HeNe lasers. Many other cw sources may be

ments of the pump source are (1) a short pulse of used since the wavelength is not critical. The main
< 100 nsec duration at an energy of > 5 mJ, and (2) requirements are (1) sufficient power such that a

wavelength range within the absorption band of high-speed transient is detectable. (2) sufficiently
low noise in the frequency range of the transient,the solid surface. and (3) sufficiently small beam waist in the detec-

For maximum spatial resolution the rectangular- tion region to define the location of the deflec-
shaped output of the XeCl laser was focused onto tions and, consequently, the separation of the

measurement points. Points 2 and 3 are the most
difficult to achieve.

.- , **c , , ,Although low-frequency fluctuations due to flame

/ turbulence and extraneous acoustic noise can be

general-purpose HeNe lasers exhibit amplitude oscil-
U. o -lations at %, 1 MHz. In addition, this noise is•V,,,o,,c, polarization dependent in that the use of polarizingSf WON elements, such as beam splitters, will cause an

increase in the observed noise level. Unpolarized
OTOO.,oES low-noise lasers were used In the present study,

although the signal-to-noise ratio was marginally
acceptable at times.

Figure 7. Optical Setup for High-Repetition-Rate
Temperature Measurements Utilizing the In the ideal case the beam waist in the detection

Optoacoustic Laser-Beam Deflection region would be smaller than the acoustic wave-
Technique. length. Assuming that this wavelength is determined

%,
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*i by the pump-laser pulse width1 7 ( - 30 nsec for the
XeCl source used here), the probe beams should be
limited to a diameter of ^, 40 u n at gas tempera-
tures of , 000 K and % 15 um at room temperature.
From the pulse width of Fig. 8. the present setup -

has a beam diameter of % 200 urn. This has proven , - -i

to be acceptable for measurement precision of bet-
ter than ± 100 K. FLAME(us

'U

-~ The entrances of the fiber optics shown In Fig. -
7 serve as the motion-detection points of the t V
deflected probe beams; the output ends are Incident
upon a comercial fast pin photodiode. The fiber
optics may be eliminated and the probe beams set
Incident on the edge of the active detector region.
The ZOO-IA-diam. fibers, however, provided a high
degree of alignment flexibility in this experiment. ROOMAIR

A block diagram of the processing electronics is
shown in Fig. 9. The signal current of the fast
optical diode was routed through a current-to-
voltage converter, filtered for removal of low- 1
frequency components (3-dB point - 75 kHz),
buffered into high-speed amplifiers, and terminated TME (pow)

at high-speed analog-to-digital converters (LeCroy
6102 amplifier and MM 8818 transient recorders). Figure 10. Typical Optoacoustic Beam Deflection
The 8-bit digitized output was stored in real time Signals in Flame and in Room Tempera-
in a cache memory (98 Kbytes maximum per channel, ture Air.
After completion of a scan, the data were read into
a microcomputer (HP 9836) and processed. The tim- the acoustic travel times; statistical sampling will
Ing of the transient recorders was controlled in improve this. For unknown stoichiometry the range

* the following manner. A delayed trigger pulse from of error introduced by i and Cv(Tf) can be bounded
the pump laser effected a pulse train of 256 or 512 by the composition limits. For the Meker-type
bytes (selectable) simultaneously to the digitizers unconfined flame, an adiabatic model for a propane-
at a 50-MHz clock rate. This insured time syn- air flame1 8 was combined with tabulated values of
chronization between the signals of the two probe- Cv(T), with lean and rich fuel-air ratios setting
laser beams. Data acquisition was terminated when the temperature boundaries. The mean values of the
a selected portion of the cache memory was filled. limits calculated as a function of Atr/Atf represent

the values reported here. The error range is small
at high temperatures (:t 2.3% at n. 2200 K) and
increases to t 10% at %, 1750 K.

Results and Discussion

r-i Typical results obtained on a pre-mixed, propane
,,. or air flame are shown in Fig. 11. The flame source

4L....___..was a 3.5-cm-diam. Meker-type laboratory burner.
Measurements were made 3 cm above the surface. A

-ilow-frequency oscillation of 12.5 Hz is clearly
developed at the edge of the flame (16-mu radial
point). At 14 = the oscillation is distorted; by
12 mm, it completely disappears. The low-frequency
oscillations observed in this trpe of flame were
also observed by Hanson, et aI.,1" while recording r

Figure 9. Block Diagram of Detection and Proc- OH profiles by means of '- Tgital camera system.
essing Electronics for Optoacoustic The value of the maximum average temperature of Fig.
Technique. 11 peaks at the 12-mm point and then decreases as

the radial distance decreases. The data shown were

Figure 10 shows typical signals acquired in acquired at a rep rate of 200 Hz. Scans at I kHz
room-temperature air and in a pre-mixed propane-air failed to reveal any significant higher-frequency
flame. The 2.59-usec separation of the probe sig- thermal oscillations.
nals at room tenperature Indicates an effective
beam separation of 1.00 'm. The drop in signal The temperature probability distribution function
amplitude at high temperatures Is primarily due to (PDF) of the data acquired at the flame center is
the decreased gas number density. shown In Fig. 12. The RMS error was calculated to

be ± 73 K. A CARS measurement made on the same
Data analysis consists of first filtering the burner under similar conditions yielded a tempera-

optoacoustic signal to remove low- and high- ture value of 2030 ± 110K. The excellent agreement
frequency HeNe probe laser noise. After filtering, with the CARS technique indicates the precision of
a correlation operation Is performed in order to the high-rep-rate optoacoustic laser-beam deflection
determine the time difference of the positive peaks method of temperature measurement. The lower RMS
of the recorded signals, and Eq. (3) is applied, values of the new technique are encouraging, espe-
If the chemical composition of the flame Is known, cally since the accuracy of this technique
the uncertainty In the resulting temperature Is increases at lower temperatures. As the gas tem-
determined by the uncertainty In the measurement of perature decreases, the acoustic velocity decreases
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and the gas density increases. These characteristics

•. ... ,,~ *,: result in higher time resolution and higher signal-
to-noise ratios. Accuracy in determining the tran-
sit time of the acoustic pulse Is. thus, increased

TA.1l01 K and a lower R14S error at low temperatures is
obtained. This makes the OLD technique very useful

01when large temperature fluctuations are encountered. . -,

Figure 13 displays results on a Bunsen-burner-type
flame n which higher-frequency-component tempera-
ture fluctuations were observed. Note the large
temperature fluctuations observed In the vicinity of

1 mm the reaction zone. These measurements were made at .
TA. 100 Kz. except for the location high In the reaction

OL zone where they were made at 1000 Hz also (Fig.
13(b)). This figure indicates that 1000 Hz is not a

[..,aTA.- a

- -12 mm

9,. 0

ii

2400

.0.

1Am m 
... 

K.

~r

100

Figure 11. Plots of Temperature vs. Tm in Pre-'
mixed Propane-Air Flame at Various
Radial Distances at Position 3 cm above
Burner Surface.
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%'TEMPERATURE (K) Fgure 13. Tmporl-Sptal Profle of Bnsen.
[ ' Burner-Type Flame at 100 Hz. (a) High ,..,

. Fgure 12. Pro bblty Dstributon Functon of n Rection Zone, (b) Sam Locaton as - I
,.Mesured Tmpertures Corresponding to (a) but at 1000 Hz, (c) Mddle of Reac-
. Center Poston of Fg. 11. ton Zone, and (d) Low n Recton Zone...._
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sufficiently fast rate for following the tempera- 8. A. C. Tam, "Photoacoustics: Spectroscopy and -
ture fluctuations completely. To adequately follow Other Applications," Chapter I in Ultrasensi-o-,.
the high-frequency temperature fluctuations that ttve Laser Soectroscopy, 0. S. Klinge71,7 ,

can exist in turbulent flames, a S-kHz laser such Academic Press, NY, 1963).
as a Cu-vapor laser will be required.

9. F. V. Bunkin and V. M. Komissarov, Sow. Phys. , .
Conclusions (Acoustics) 19, 203 (1973).

In conclusion, the feasibility of using the OLD 10. L. N. Lymshev and K. A. Naugol'nykh. Sov.
technique for high-frequency thermometric studies Phys. (Acoustics) 22, 354 (1976).
has been demonstrated In two premixed propane-air
flames. The results indicate that the technique is 11. K. A. Naugol'nykh, Sow. Phys. (Acoustics) 23,
capable of frequencies as high as those of the 98 (1977). %.

pulsed laser source. For known stoichiometry. the
precision of the technique is comparable to that of 12. L. 0. Landau and E. M. Lifshitz, Fluid
CARS at high temperatures (± 75 K) but is superior Mechanics (Translated from Russia-i7J. B.
to CARS at low temperatures (± 1 K). Measurements Sykes and W. H. Reed) (Addison-esley, Reading
in the reaction zone of a Bunsen-burner-type flame MA, 1959). % J -0
displayed high-frequency components (> 1000 Hz). %.-
This technique promises to be a valuable tool for 13. W. B. Jackson, N. M. Amer, A. C. Boccara, and
high-frequency thermometric studies of flames. D. Fournier. Appl. Opt. 20. 1333 (1961). %..,
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2.10 COMBINED CARS-LDA INSTRUMENT

A combined CARS-LDA instrument capable of simultaneous thermometry and

velocity measurements has been constructed and tested on a laboratory-scale

propane-air Bunsen burner. The design, construction, and testing of this

instrument are discussed in the three following papers entitled, "Simultaneous

CARS and LDA Measurements in a Turbulent Flame," "An Investigation of Tempera-

ture and Velocity Correlations in Turbulent Flames," and "Combined CARS/LDA

Instrument for Simultaneous Temperature and Velocity Measurements."
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SIMULTANEOUS CARS AND LOA MEASUREMENTS IN A TURBULENT FLAME*

L. P. Goss and D. D. Trump
Systems Research Laboratories, Inc.

Dayton, Ohio 45440-3696 ,'e

W. M. Roquemore
Aero Propulsion Laboratory (AFWAL/POSF)

Wright-Patterson Air Force Base, Ohio 45433

Abstract Experimental

A combined CARS-LOA instrument capable of CARS Instrument
making simultaneous thermometry and velocity mea-
surements has been constructed and tested on a The design of the CARS instrument was dis-
laboratory propane-air burner. Three different cussed in detail previously and will be mentioned
approaches on interfacing the instruments are dis- here only briefly. The CARS system shown In Fig. I
cussed; two of these actually were implemented and was built by SRL under Contract F33615-80-C-2054
tested. The coincidence time between measurements and is essentially the same as that reported in
was determined to be 250 us with Method II and 4 us Ref. 11, except for the replacement of the TN1223-
with Method I1. The difference between these 2GI with a new TN6132 diode-array detector.
m.ethods is primarily in the firing sequence of the Because the new detector--when directly compared
Nd:YAG (CARS system) and the LDA acceptance window, with the old--displayed less cross-talk, a larger
Simultaneous thermometry and velocity measurements dynamic range, and little (if any) memory reten-
nave been made at three locations in a turbulent tion, the splitter arrangement as well as the data-
propane diffusion flame for both methods, and the acquisition software of the previous CARS system
results are discussed. The results of this study was modified.12  The dynamic range of the new
indicate that the coincidence time of the two mea- detector was measured to be greater than 100 to 1
s'.rerents can be as close as ,. 4 us--but only at and was indegondent of the focusing characteristics
toe :ost of reducing the data-acquisition rates. of the beam."' The number of splits necessary to

cover the lO00-to-I range needed to follow the CARS
Introduction signal variation in a turbulent flame was thus

reduced from 4 to 2. A 33-to-l splitter arrange-
The transport rates of heat, mass, and momen- Ment was implemented to replace the previous ,,.',

turn associated with the turbulent motion of fluids lO-to-I splits. Also, because the new detector did
are several orders of magnitude greater than the not display the memory retention of the TN1223, the
molecular rates occurring in nonturbulent flows, cleansing scans emp1oyed to reduce the memory
These nigh rates of transport are a consequence of retention were eliminated from the data-acquisition
the correlation between the fluctuating components cycle.
of velocity and state scalar variables. Models for
predicting these correlations in turbulent flow are To ensure that the splitter arrangement and
essential ingredients for the prediction of data-acquisition software of the new detector would
:urbulent-flcw behavior--presently an area of high measure the temperature accurately, a furnace study
interest in turtulence research. was conducted using a platinum coil furnace capable

of reaching temperatures as high as 1700 K. A
For testing these models, an expanded and chromel-alumel thermocouple was used to measure the

im7proved experimental data base--in particular, temperature of the furnace to ensure the stability .".
,ata on velocity and scalar correlations--is badly of the temperature during the CARS measurement and
needed. Measurement of velocity and scalar corre- to record the temperature for comparison purposes.
lations requires simultaneous -measurement of the Figure 2 displays the CARS-vs-thermocouple tempera-
velocity and another state variable such as tem- ture data obtained in this study. The error bars
perature or species concentration. Since measure- indicate the spread of the data observed for 1500
mert of any state variable can be difficult at CARS samples. Notice that the average temperatures
.est, it is not surprising that relatively few (represented by the dots) are in good agreement %.
oint measurements have been made. Laser Doppler with the thermocouple temperatures. The spread in
velccim try (LDV) has beep combined with t ermo- the data is indicative of the shot-to-shot uncer- ,
couple '- pulsed Raman, 4"6  cw Rayleigh, 7  Mie tainty caused by fluctuations in the dye laser. No
scatteringu and fluorescence9  techniques in gaps are evident in the temperature data, indica-

attempts to determine the various correlations ting good overlap with the 33-to-l split. The 4_

between velocity and temperature or species con- overlap of the peaks occurs at 800 K. These data Up"

centratlon. indicate that the split is more than adequate to ,. .- ,
cover the 300-2300 K temperature range encountered

This pacer describes the first attempt to make in turbulent combustion flows.
sirultaneous velocity and temperature measurements
by means of a combined LDA-CARS instrument. Since only temperature data were used for this
Another group nas reported making CARS and LDA study, no power reference was employed. The data- , '- *.
.easurements; however, no attempt has been made to reduction software is the same as reported in Re'.
-ake the simultaneous, coincident measurements of 11.
t'e inst3ntaneous velocity and temperature which
are neeDeD f?6 evaluating the correlations between LOA Instrument
te scalars. The LOA system shown in Fig. 1 was built

*WorK supported in part by USAF Contract LORI under Air Force Contract F33615-78-C-2005 (" % , '."
F33615-60-C-2054. ano is a two-velocity-component, real-fringe system

Tbh paW i de~lared a . ork A, me, U'.b.
ovelrnmng and ther, (,,rv in . W,.hic domalinl '
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based on polarization separation of the velocity The Nd:YAG laser (Quanta-Ray) used in the CARS
components. The 488-nm line from a Spectra-Physics experiment was designed to operate at a 10-Hz rate, ,-.--.-

argon-ion laser was used as the light source, with while the LDA instrument processes velocities at a
T1O 2 particles of nominal 1-u size being used as rate which is related to the passage of the T10 2
the scattering particles. The scattered light was seed particles through the fringe pattern. Since
collected in the forward direction slightly off- particle arrival is random in nature, the coupling
axis (12 deg.) by a parabolic mirror which col- of the two instruments requires that a random event
limated and reflected the light to the collection be coupled to a 10-Hz repetitive event. F , _optics. The collection optics consisted of a ",-."

focusing lens, a Glan Thompson polarization beam- Three separate approaches were considered for
splitter to separate the various polarization interfacing the two instruments; only two were . -
components, and two optical fibers. The fiber actually implemented and tested. In Method I the
optics allowed the processing electronics to be two instruments are allowed to free run, with a .
remotely located from the flame environment. The common high-resolution clock being used to tag the *-.,

processor electronics consisted of two 1990 TSI individual CARS and LDA events. The major drawback

burst-counter processors modified to permit coin- of such an approach is the massive amount of non-
cident velocity as well as CARS data to be coincident data which must be taken and stored to
obtained. A computer interface allowed data rates ensure that the amount of coincident data acquired . -

in excess of 30,000 velocities/sec. to be trans- is adequate. Since at high velocities, less than
ferred and stored on a ModComp computer. A 40-MHz one snot in 50 would be coincident data, it was
Bragg shifter was used to shift the Doppler signal decided to examine approaches that would permit
to remove direction ambiguities. collection of coincident data only.

The two velocity components to be measured by The second approach (Method II) was to create
the LOA system were oriented orthogonal to each a 10-ms window during every 100-ms Interval (time
other and set at a 45-deg. angle to the laboratory corresponding to the 10-Hz Nd:YAG firing); if an %
frame of reference. This was done to ensure high LOA velocity realization occurred during this

data rates in both velocity components. The ve- window, then the CARS laser system would be fired.
locities in the laboratory frame of reference were The function of this window was to limit the amount
determined by matnematical rotation of the frame of of LOA data obtained to that necessary to ensure N
reference during data analysis. The data-analysis adequate sampling. If no velocity realization
routines are discussed in detail in Ref. 14. occurred during the window, the Nd:YAG laser flash- i

lamps would be discharged to ensure a constant
Burrer System thermal loading. The laser firing for the Nd:YAG

consisted of first discharging the flashlamps to
The laboratory burner system used in these obtain a population inversion and then pulsing the

studies was the same as that reported in Ref. 15, Q-switch to depopulate the upper laser levels and
with the exception that it was modified to permit thereby obtain a giant laser pulse. The time
seeding with Ti0 2 particles. Both the inner and separation between the flashlamp discharge and the
outer tube flows were seeded to minimize biasing Q-switch pulsing is . 250 us. This was a fixed
problems with the LDA measurements. In the single- time separation and, thus, represented the nearest
component studies conducted with Method !II, the coincidence between the velocity and CARS events in
burner was rotated 45 deg. in order that the this scheme. Thus, Method II is only adequate for
measured velocity component would correspond to the low-velocity flows. The laboratory burner employed
axial-flow component of the flame. for testing of the instruments in this method

displayed a maximum flow rate of -. 3 m/s. At this
:nterfacin. Instruments velocity the 250-us delay between events allows the

flame sample volume being measured to move only
Several problems arose while interfacing the 750 um. At the high-velocity flow normally encoun-

.,A and CARS instruments. The main problem in- tered in practical systems, this delay is inade-
vol'ved designing the appropriate interface to quate. allowing the sampled volume to move
ensure that both types of measurements would be 1.25 cm with a fluid flow of 50 m/s.
made simultaneously (or as nearly as possible).
The actual time coincidence required to ensure that The third approach (Method I1) involved ...-
no change in the flame sample position will take windowing the LDA events as in Method I, except
place between the two measurements is dictated by that instead of the flashlamp of the Nd:YAG laser
the fluid dynamics of the flame system under study. being fired after the LDA velocity occurrence, it
With relatively low velocity flows such as those would be fired at a 10-Hz rate, regardless of the ".."
encountered in the laboratory flame (0 - 3 m/s). LOA event. A second window centered about the %
tne time difference of the measurements must be on optimum time delay for the Q-switch was employed;
the order of hundreds of microseconds to ensure and if an LDA event occurred in this lOC-us window.
that the sample area of the flame does not move the Q-switch was allowed to fire, resulting in a
significantly. At higher flow rates, such as those CARS event. The lO0-us window was determined
encountered in gas-turbine systems, the coincidence experimentally by varying the time delay between
time must be on the order of tens of microseconds, the lamp firing and the Q-switching. When the

window is centered on the optimum delay (250 us),
The requirements for a coincidence on the firing the Nd:YAG laser 50 .s on either side of

order of a few hundred microseconds can be readily center corresponded to a '- 25% drop in laser power.
met with the Na:YAG laser system being employed for The net result of such an approach is that the
the present experiments. However, time require- coincidence time is determined by the tire required
rents at higher flow rates are more difficult to by the burst-counter processor to determine the
obtain and result in a significant drop in data- velocity from a Coopler burst - .s) and tne tine
acquisition rates, as will be discussed in the required by the laser to lase after the Q-switcm .-
follcwing pardgraphs.
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pulse has occurred (50 ns). With this method a the program start and is e ual to the number of50-m/s gas pocket would move only 200-urm in the gate pulses sent to the TSI 19g0 Burst-Counter

4 Ls between velocity and temperature measurements. Interface. The shot count Is used for bookkeeping
by analysis programs which convert the raw LDA

The drawback of such an approach is the narrow periods to velocities. , o
window over which the LDA event is accepted,
resulting in a substantially reduced data- Results and Discussion ,.-,.
acquisition rate. With the LOA in the free-run

mode. -, 200 velocity realizations/s are observed in Experimentally Methods II ani III were tested
the flame. With Method I all of the data would be on the laboratory propane burner. Method II was
taken with only a few coincidences occurring (one employed first because It allowed high data rates
every 50 shots at 50 m/s). With Method II the (10 Hz) and both velocity components to be
total time per second during which the LOA proces- obtained. Figure 4 displays the velocity-
sors are allowed to search for an event is 100 ms temperature correlation plots obtained at three
(10 ms/shot x 10 shots). Thus, on the average, 20 centerline locations. The three locations corre-
velocities could be recorded by the LDA system spond to 6, 8, and 10 cm above the burner surface.
during this time period, allowing for a nominal The average temperature, rms temperature, average
10-Hz data rate in combination with the CARS velocity, rms velocity, and cross-correlation
instrument. With Method III the window is 100 us coefficients are listed in Table I for all three
instead of 10 ms, allowing for a total sampling positions. The temperature pdf's obtained at these
time per second of 1 ms (100 us/shot x 10 shots). locations are very similar to results obtained
This allows, on the average, -. 2 velocities per earlier on this burner which displayed a distinct
10-s interval to be obtained. Thus, the more single peak qt 6 cm but bimodal peaks at locations
stringent the time coincidence imposed by the 8 and 10 cml* above the burner. The burner was
experimental conditions, the lower the overall data operated as a turbulent diffusion flame, with
rates. central fuel jet surrounded by annular air flow.1 "

The U velocity corresponds to the axial flame
The experimental arrangement of the combined velocity, while the V corresponds to the radial.

irstruments is displayed in Fig. 1. For minimizing The major velocity component, as expected, was the
the optical rearrangement of both systems, a axial component and slowly decreases with down-
counter-propagating arrangement was used in which stream axial location. The radial-velocity com-
the CARS and LDA instruments were on separate ponents are small on the average but display
optical tables. The collimating lens and turning variations as large as the axial, which indicates a
mirrors of the CARS system were rearranged on the large degree of turbulence. The correlation plots
LOA optics table, while the parabolic forward- U vs. T and V vs. T (Fig. 4) indicate that very
scattering collection mirror of the LDA system was little correlation was observed between velocity
placed on the CARS table. This caused no major and temperature. The cross-correlation coeffi-
oroblems for either system and also minimized the cients are listed in Table I and defined as
number of optical changes necessary. To ensure
tnat both measurement sample volumes overlapped, a R ue/u'e, R v/v'e'
lCO-_m circular aperture was used to locate and u- Rt. ,v
align both foci at a common point, where u = U - U, v - V - V, a = T - T, u is the

rms of u, and v' is the rms of v. The cross-
Ore problem encountered during the experiments correlation coefficients indicate--as does the

wias optical breakdown caused by the seed particles correlation plots--that the correlation between
.nder heavy seeding conditions at room temperature. velocity and temperature was small at the locations
Tc minimize this effect, the foci of the CARS pump probed.
and probe beans were reduced by changing from a 50-
to an 80-cm-focal-length lens. This lowered the Table 1 Comparison of Methods II and II1. Corre-
spatial resolution to %. 1.5 mm in the longest lation coefficients are small In both cases, indi-
dimension but substantially reduced the occurrence cating little correlation between velocity and
of optical breakdown. No such problem was encoun- temperature at these locations.
tered in the flame due to the reduced seed den-
sities associated with the elevated temperatures. Method II

The timing sequence for both Methods II and~ ss~cni Fg .X T U V R R
I is shown in Fig. 3. The CARS shot gate is (cm V I

issued by a lachine-code software program from the (cm) (m/s) (m/s) R R
TY17'^ controller (LSI 11/03 microprocessor). If a 6 1516432 -2.85+3.18 -0.45+3.13 -0.037 0.037
,elccity realization occurs during the gate, the - -
velocity data are transferred under direct-memory- 8 1322+499 -2.63+3.23 -0.28+3.19 0.080 0.028 ,.
access (DMA) control to the 7840 ModComp computer - - - 08 ".
fcr storage on a 20-Mbyte disc system. The data-
ready s1gnal from the TSI 1990 Burst-Counter 1 1026+529 -2.39+3.42 -0.38+3.39 0.037 -0.021
Processor is sent to the TN1710 unit which, upon
receipt, sends the fire Q-switch command signal to Method ill
tine Nd:YAG laser. The TN6132 multichannel detector
transfers tne CARS data to the spectral-data memory X T U R
(SO r) of the TNI710 from which the data are trans- (cm) Lq (R'/s) -t -7
'erred under MA control to the 7840 computer. N.
Before the transfer takes place, the last ten 6 153O-440 -2.91-3.20 -0.0,
channels of the 1C24 channel CARS data are over- -- ,e-,
written with the snot count for that particular 8 1327+505 -2.65+3.30 -C.02
laser firing. This shot count corresponcs to the
number of laser pulses which have occurred since 10 lC47-525 -2.42+3.08 -0.05

191



Initially It was not known whether the lack of Referencescorrelation was due to the low time coincidence of .:'

Method II or was simply a characteristic of the 1. I. 6. Shepherd and J. B. Moss. "Characteristic
unconfined turbulent flame. Method III was thus Scales for Density Fluctuations in a Turbulent
employed to reduce the time delay between the CARS Premixed Flame," Comb. Sci. Tech. 25, 127 %

and LDA measurements. It was discovered during (1981).
studies with Method III that one of the burst-
counter processors exhibited a significantly lower 2. 1. G. Shepherd, J. B. Moss, and K. N. C. Bray,
data-throughput rate (approximately a factor of 3). "Turbulent Transport In a Confined Premixed
Because of the already low data rates associated Flame," in 19th Symposium( International) on -
with this method, the decision was made to switch Combustion (The Combustion Institute,
to a single-component velocity measurement and use Pittsburgh, PA, 1982), p. 423.
the faster processor. Because the velocity con- -
ponent measured by the LDA system is oriented 45 3. H. Tanaka and T. Yanagi, "Cross-Correlation of
deg. with respect to the laboratory frame of Velocity and Temperature in a Premixed Turbu-
reference, the decision was made to rotate the lent Flame," Combust. Flame 51, 183 (1983).
burner 45 deg. in order that the LDA and laboratory
frames of reference would be identical; thus, the 4. S. Warshaw, M. Lapp, C. M. Penny, and M. C.
axial component of velocity was measured directly. Drake, "Temperature-Velocity Correlation
It was decided to use this approach rather than Measurements for Turbulent Diffusion Flames
change the LDA optical train which would have from Vibrations Raman-Scattering Data," In
required a massive rearrangement. Converting to a Laser Probes for Combustion Chemistrcy, 0. R.
single-velocity-component system improved the data Crosely, Ed. (American Chemical Society,
rates to - 0.3 Hz. Table 1 shows a comparison of Washington, D.C., 1981).
the two methods tested. The correlation plots at
the three different locations are displayed in Fig. S. S. Ledennan and C. Posillico, "Unified
5. lhe cross-correlation coefficients are con- Spontaneous Raman and CARS System," AIAA J.
firmed to be quite small in the flame at the 19(6), 824 (1981).
indicated centerline positions. Because of the low
data rates with Method II, only 200 coincident 6. R. M. Dibble, W. Kollmann, and R. W. Schefer,
reasurements were obtained at each location, as "Conserved Scalar Fluxes Measured in a Turbu-
compared to 1500 with Method I. The 200 samples lent Nonpremixed Flame by Combined Laser
required t 12 min. per measurement point. Doppler Velocimetry and Laser Raman Scat-

tering." Combust. Flame 55, 307 (1984).
The. potential for biasing was clearly demon-

strated with Method III. Because of the tem- 7. R. W. Dibble, G. D. Rambach, R. E. Hollenbach,
perature effect on seed densities, the higher and J. T. Ringland, "Simultaneous Measurements
temperatures are expected to have lower seed of Velocity and Temperature in Flames Using
densities. This can result in a situation where LDV and CW Laser Rayleigh Thernometry," Paper
biasing toward lower temperatures occurs. Since No. WSS/CI 81-84, Presented at 1981 Fall
the CARS laser firing depends on the presence of a Meeting of the Western States Section of the ..-

seed particle during a 100-us window every 100 ms Combustion Institute, Tempe, AZ, October 1981.
and since the probability of the seed being present
is greater at low temperatures then a preferential 8. S. H. Sterner and R. W. Blger, "Measurements
sampling of low temperatures Is likely to occur. of Scalar-Velocity Correlations in a Turbulent
This effect is actually ennanced by Method III Diffusion Flame," Paper No. 89 in Eighteenth
because of tne small sampling window employed for Symposium (International) on Combustion (The
coincidence. This is demonstrated in Fig. 6. Combustion Institute, Pittsburgh, PA, 1980).
Figure 6(a) displays a 150-shot temperature pdf .%
obtained at a 10-Hz rate independent of the LDA 9. F. K. Owen, "Simultaneous Laser Velocimetry ,',e. #
measurements. Figure 6(b) displays a 200-shot pdf and Laser Induced Photoluminescence
obtained by Method III coincidentally with the LDA Measurements of Instantaneous Velocity and %
measurements. Clearly the average temperature in Concentration in Comolex Mixing Flows," AIAA
the coincident case is lower than that for the non- Paper No. 76-35, 1976.
coincident 15CC-sample pdf. This biasing can be '- -"

reduced by increasing the seed levels of the fuel 10. S. Fujil, M. Gomi, and K. Eguchi, "A Remote
tube. However, it is clear that the average Laser-Probe System for Velocity and
temperature, rms of temperature, and pdf's should Temperature Measurements," J. Fluids Engin.
be measured independently of the LDA to minimize 105, 129 (1983).
particle-biasing effects.

11. L. P. Goss. D. D. Trump, B. G. MacDonald, and
Future plans with this system include exam- G. L. Switzer, "10-Hz Coherent Anti-Stokes

ining various burner configurations from which Raman Spectroscopy Apparatus for Turbulent
temperature-velocity correlations have been repor- Combustion Studies." Rev. Sci. Instrum. 54,
ted. Attempts will be made to increase the data 563 (1983).
rates of Method III in order that two-component ,
velocity measurements can be made. This will 12. L. P. Goss. 0. 0. Trump, and G. L. Switzer.
include examinirg closely the burst-counter pro- "Laser Optics/Corbustion Diagnostics,'
cessor performance and methods of increasing the Quarterly Status Report 6603-13 under Contract % .r
seed densities. F33615-80-C-2054, Covering the period 3

September - 2 December 1983 (Systems Research
Laboratories, Inc., Dayton, OH, 16 March
1984).
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Figure 1. Optical Layout of Combined CARS-LDA Instrument.
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Figure 3. Critical Timing Schemes for Methods It and Ill.
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AN INVESTIGATION OF TEMPERATURE AND VELOCITY
CORRELATIONS IN TURBULENT FLAMES

L. P. Goe 11 D. D. Trump
Systems Research Laboratories Inc.

Dayton. Ohio

W. M. Roquamoa
Aero Propulsion Laboratory (AFWAL/POSF) -

Wright-Patterson Air Force Base. Ohio

ABSTRACT 4.

A combined CARS-LDA instrument capable of making simultaneous temperature .
and velocity measurements has been constructed and tested on a laboratory pro- .
pane-air burner. The coincidence time between velocity and temperature measure-
ments was determined to be 4 us with this instrument. Simultaneous thermometry
and velocity measurements have been made in a turbulent propane diffusion flame
and a premixed propane-air flame. No significant correlations were obtained in
the diffusion flame; however, the premixed flame displayed distinctive correla-
tions near the reaction zone.

INTRODUCTION

The transport rates of heat, mass, and momentum associated with the turbu- - .
lent motion of fluids are several orders of magnitude greater than the molecular
rates occurring in nonturbulent flows. These high rates of transport are a
consequence of the correlation between the fluctuating components of velocity and
state scalar variables. Models for predicting these correlations in turbulent
flow are essential ingredients for the prediction of turbulent-flow behavior--
presently an area of high interest in turbulence research.

For testing these models, an expanded and improved experimental data base--
in particular, data on velocity and scalar correlations--is badly needed.
Measurement of velocity and scalar correlations requires simultaneous measurement
of the velocity and another state variable such as temperature or species concen-
tration. Since measurement of any state variable can be difficult at best, It is .4

not surprising that relatively few joint measurements have been md . Laser
Doppleg Velocimetry (LDV) has been combined witI thermo lx n - pIlsed
Raman, -7 cw Rayleigh,0 Mie scattering,

9 fluorescence, u and CARSIU techniques
in attempts to determine the various correlations between velocity and tempera-
ture or species concentration.

This paper describes studies of simultaneous velocity and temperature
measurements which were made using a combined LOA-CARS Instrument on two pro-
pane-air flames.

*Work supported in part by USAF Contract F33615-80-C-2054.
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INSTRUMENTATION

Combined CARS-LDA Instrument ""_

The individual CARS and LDA instruments have been described in Refs. 13 and
14, respectively, and only details concerning the combination of the two instru-
ments will be discussed here. The differer, approaches to interfacing the two
instruments were discussed in Ref. 10. The -.ethod which yielded the highest
temporal coincidence was adopted for this work. This method involved firing the
CARS laser flashlamps at a 10-Hz rate and windowing the CARS Q-switch firing
(100-us window centered at a 250-ps delay from the flashlamp firing). If a
velocity realization from the two velocity processors occurs during this window, -

the Q-switch is allowed to fire and the laser pulse occurs within several hundred
nanoseconds. The coincidence time between the temperature and velocity measure-
ments is determined by the amount of time required by the burst-counter proces-
sors to determine the velocity from a Doppler burst of % 4 us. e.

The drawback of such an approach is the narrow window over which the LDA
event is accepted, resulting In a substantially reduced data-acquisition rate. W
With the LOA in the free-run mode, , 400 velocity realizations per second are
observed in the flame. With this method the window is 100 vs allowing for a
total sampling time per second of 1 ms (100 us/shot x 10 shots). This allows, on
the average, %, 4 velocities per 10-s interval to be obtained. Thus, the
stringent time coincidence imposed by the experimental conditions lowers the
overall data rates substantially.

The experimental arrangement of the combined instruments is displayed In
Fig. 1. For minimizing the optical rearrangement of both systems, a counter-
propagating arrangement was used in which the CARS and LDA instruments were on
separate optical tables. The collimating lens and turning mirrors of the CARS
system were rearranged on the LDA optics table, while the parabolic forward- %
scattering collection mirror of the LDA system was placed on the CARS table.
This caused no major problems for either system and also minimized the number of
optical changes necessary. To ensure that both measurement sample volumes
overlapped, a 100-m circular aperture was used to locate and align both foci at
a common point.

One problem encountered during the experiments was optical breakdown caused
by the seed particles under heavy seeding conditions at room temperature. To
minimize this effect, the foci of the CARS pump and probe beams were reduced by J. J#
changing from a 50- to an 80-cm-focal-length lens. This lowered the spatial
resolution to % 1.5 mm in the longest dimension but substantially reduced the
occurrence of optical breakdown. No such problem was encountered In the flame .-..
due to the reduced seed densities associated with the elevated temperatures.

The timing sequence for the combined instrument is shown in Fig. 2. The
CARS shot gate is issued by a machine-code software program from the TN1710 .,,r"-.

controller (LSI 11/03 microprocessor). If a velocity realization occurs during .
the gate, the velocity data are transferred under direct-memory-access (DNA)
control to the 7840 ModComp computer for storage on a 20-Mbyte disc system. The
data-ready signal from the TSI 1990 Burst-Counter Processor is sent to the TN1710
unit which, upon 'receipt, sends the fire Q-switch command signal to the Nd:YAG
laser. The TN6132 multichannel detector transfers the CARS data to the spectral-
data memory (SDM) of the TN1710 from which the data are transferred under [MA '. :
control to the 7840 computer. Before the transfer takes place, the last ten
channels of the 1024 channel CARS data are overwritten with the shot count for
that particular laser firing. This shot count corresponds to the number of laser
pulses which has occurred since the program start and Is equal to the number of
gate pulses sent to the TSI 1990 Burst-Counter Interface. The shot count is used -,'-.
for bookkeeping by analysis programs which convert the raw LDA periods to veloci-
ties. ;* .
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Burner System

The laboratory burner system used in these studies was the same as that
reported in Ref. 15, with the exception that it was modified to permit seeding
with T10 2 particles. Both the inner and outer tube flows were seeded to minimize
biasing problems with the LOA measurements. %

RESULTS AND DISCUSSION p.

To evaluate whether the combined instrument could indeed measure correla-
tions between the velocity and temperature of a flame, the following experiment
was conducted. First, the burner was operated with a low air floW with no ...- /•-
propane fuel. To produce a different temperature and velocity, a hand-held
propane torch at a significantly higher temperature and velocity was inserted
into the probe region of the CARS-LDA instrument. Measurements were then made
while the torch was moved in and out of the probe region. The results of the
study are shown in Fig. 3. The correlation plot shown in Fig. 3(a) Indicates a
very strong degree of correlation, as evidenced by the correlation coefficient of
0.86. Histogram plots of the velocity and temperature are shown in Figs. 3(b)
and (c), respectively. In both cases notice the bimodal behavior. These results
indicate that the combined instrument is capable of measuring correlations
between velocity and temperature.

It was discovered during studies with the turbulent flame that one of the
burst-counter processors exhibited a significantly lower data-throughput rate
(approximately a factor of 3). Because of the already low data rates associated '-o.
with this method, the decision was made to switch to a single-component velocity %
measurement and use the faster processor. Because the velocity component mea-
sured by the LDA system is oriented 45 deg. with respect to the laboratory frame
of reference, the decision was made to rotate the burner 45 deg. in order that
the LDA and laboratory frames of reference would be identical; thus, the axial
r-mponent of velocity was measured directly. It was decided to use this approach '-
rather than change the LDA optical train which would have required a massive
rearrangement. Because of the low data rates, only 200 measurements were
obtained at each location. The 200 samples required % 12 min. per measurement
point. The velocity-temperature correlations were obtained at three different
centerline locations in a turbulent diffusion flame (6, 8, and 10 cm above the
burner surface). The average temperature, rms temperature, average velocity. rms
velocity, and cross-correlation coefficients are listed-In Table 1 for all three
positions. The temperature pdf's obtained at these locations are very similar to L
results obtained earlier on this burner which displayed a distinct single peak at
6 cm but birodal peaks at locations 8 and 10 cm above the burner. The burner was
operated as a turbulent diffusion flame, with a central fuel jet surrounded by
annular air flow. 1  The U velocity corresponds to the axial flame velocity, 4e
which was observed to decrease slowly with downstream axial location. A corre-
lation plot of U vs. T at 8 cm (Fig. 4) indicates that very little correlation
was observed between velocity and temperature. The cross-correlation coeff -
cients are listed in Table 1 and defined as

Ru-t - ue/u'e'. Rvt = ve/v'e'

where u - U -0, v V -9, e - T - ?, u' is the rms of u. and v' is the rms of
v. The cross-correlation coefficients indicate--as do the correlation plots--
that the correlation between velocity and temperature was small at the locations
probed in the diffusion flame.

Table 1 Temperatures, Velocities, and Correlation Coefficients at Three Center-
line Positions In the Turbulent Diffusion Flame.

X T U R(msu-t

6 1530 + 440 2.91 + 3.20 0.04
8 1327 ;505 2.65 T 3.30 0.02

10 1047 T 525 2.42 T 3.08 0.05
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A premixed propane-air flame under high flow rates was examined next becauseof the reported velocity-temperature correlations in similar flames.3',4 A trend

for the correlation coefficient t2 be negative inside the flame front and posi-
tive outside has been reported.3,4  A new burst-counter processor was installed
prior to the premixed propane-air flame studies and, thus, two velocity ,t_
components were measured in this flame. The results of this study are listed in

Table 2 and depicted in Figs. 5(a) and (b). A noticeable negative correlation %
inside the flame front and positive correlation outside was observed, as
Indicated in Table 2. The values of the correlations are qualitatively in
agreement with Ref. 12. The uncertainty of each correlation, however, Is %, 30%
due to the small number of samples taken. Improved seeding techniques should
allow a more accurate determination of correlation coefficients and a more
extensive survey of the premixed flame.

Table 2 Temperatures, Velocities, and Correlation Coefficients at Three Radial
Positions in the Premixed Flame (Axial Position 3.5 cm above Burner Surface).

Y T U V R- Rv
(mm) (q MiS) (M/S)-

0 650 ± 250 9.58 ± 2.4 0.19 ± 3.1 -0.10 -0.048
3.5 660 ± 190 9.46 ± 2.9 0.26 ± 3.6 -0.20 -0.095
4.5 1730 1 100 9.52 ± 3.7 2.12 ± 3.7 0.28 0.028
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Abstract

p. .

The performance of a combined CARS/LDA instrument capable of measuring

:_.:

temperature and two velocity components with a time coincidence of about ;

' 4 lis is evaluated in a turbulent premixed propane-air Bunsen-burner .%

flame. Measurements near the base of the flame exhibit negative axial ".

correlations, indicative of normal gradient transport; those near the. .

flame tip show strong positive axial correlations, indicative of ))

counter-gradient transport. The radial correlations are positive both , ."

g~..

in the reaction zone and in the plume. Conditional -sampling measure- ..

ments strongly indicate that the CARS/LDA instrument provides a Favre - .

average of velocity, temperature, and velocity-temperature correlation l

due to the density weighting of Al203 seed particles in the flame.
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I Introduction
po '.

The possibility of using combustion models to improve the design method-

ology for practical combustors has stimulated new interest in the study .

of turbulent transport processes. Turbulent transport rates of heat,

mass, and momentum are orders of magnitude larger than molecular trans- ,-

port rates in nonturbulent flows. These high transport rates are pri-

marily due to the correlation between the fluctuating components of

velocity and state (scalar) variables. Turbulence models, which must

predict these correlations, are believed to be a major source of error

in the design models. The need for development and evaluation of

improved turbulence models has reinforced efforts to expand and improve

the experimental turbulent-transport data base.

Experimental studies of turbulent transport processes are very difficult

because simultaneous measurement of velocity and a state variable such

as temperature or species concentration is required at a common point.

The development of laser Doppler anemometry (LDA) has provided the means

for measuring velocities in combusting flows. Reliable scalar measure-

ments in adverse flame environments have proven to be much more diffi-

cult, and it is not surprising that relatively few combined measurements

have been made. Shepherd and Moss (1981), Shepherd et al. (1982),

Tanaka and Yanagi (1983), Yanagi and Mimura (1981), and Heitor et al. .

(1984) combined LDA with a thermocouple to make simultaneous temperature -

and velocity measurements in premixed flames. Brum et al. (1983) used

LDA and a thermocouple to study a complex diffusion flame. Pulsed Raman

and LDA were combined in studies conducted by Warshaw et al. (1981),

Lederman and Posillico (1981), and Dibble et al. (1984). Simultaneous ;.-.,
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density and velocity measurements were made by Dibble et al (1981)

using Rayleigh scattering and LDA. Mie scattering and LDA were used by

Starner and Bilger (1980) to obtain concentration and velocity correla- .

tions. Coherent anti-Stokes Raman spectroscopy (CARS) and LDA have been

used by Fujii et al. (1983), Fujii et al. (1984), and Goss et al. (1984)

to obtain velocity-temperature correlations.

Problems arise in the use of any of these techniques in environments

similar to those encountered by practical combustors. For example, the

measurements of Yanagi and Mimura (1981) and Heitor et al. (1984) were

restricted to a few minutes because seed particles coated the thermo-

couple. A more serious problem occurs in highly sooting flames because ,..

the soot coats the thermocouple. Heitor et al. (1984) also discuss the

need for and difficulties and unknowns associated with determining the

thermocouple time constant in the measurement environment. Mie scatter- *,

ing has been used by Starner and Bilger (1980) as a measure of gas

density; however, uncertainties were associated with correcting for

fluctuations in the inlet seeding densities. Pulsed Raman and Rayleigh

scattering are established techniques, but their use is confined to

clean flames. CARS is an expensive and complicated optical technique;

however, Eckbreth (1980), Taran and Pealat (1982), and Switzer et al.

(1980) have demonstrated that it can be used in simulated practical

combustors. Thus, CARS/LOA has the potential of becoming a tool for

studying the transport properties of turbulent combusting flows which
are similar to those in practical combustors..

. % ,"

A combined CARS/LDA instrument designed for simultaneous measurements of

velocity and temperature in reacting flows is described herein. This
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instrument has been developed to minimize the time difference between

velocity and temperature measurements. The advantages of combining the

LDA and CARS instrument are: (1) the demonstrated ability of CARS to

obtain temperatures in diverse flame environments, (2) the nonintrusive

nature of the measurements, and (3) the ability to examine the effects

of seed biasing. The last advantage is quite significant in demonstrat-

ing the heavy-density-weighted biasing (Favre averaging) that occurs

with the LDA measurement. The density bias affects not only the average

temperature and velocity measurements obtained simultaneously but also

the magnitude of the correlations between the velocity and temperature,

as will be discussed in detail in this paper.

2 Burner Description

After a survey of the literature, it was decided that a simple premixed

propane-air Bunsen-burner flame would be a good candidate for study

since it has been shown by several investigators to display a high

degree of velocity-temperature correlation in and around the reaction

zone. The burner employed in these studies was a standard Bunsen

burner, except that the air-inlet holes were covered and the needle

value replaced to permit use of a controlled premixed propane-air mix-

ture. The equivalence ratio of the gas mixture used in these studies

was 1.3.
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3 CARS Instrument

The design and the data-reduction routines of the CARS instrument (shown

in Fig. 1) have been discussed in detail by Goss et al. (1983), and only

the salient features will be mentioned here. The frequency-doubled out-

put from a Quanta-Ray DCR-2 Nd:YAG laser was used to pump a broadband

dye laser (oscillator-amplifier combination) and also used as the pump

frequency in the CARS process. A folded BOXCARS configuration was used

to achieve a spatial resolution of 2 mm along the major beam axis. This

system was designed to acquire CARS data at a 10-Hz rate which required

interfacing to a minicomputer for control of the data acquisition. Data

reduction consisted of fitting the observed N2 CARS spectral bandshape

by means of a nonlinear least-squares iterative routine.

The primary differences between the CARS system described by Goss et al.

(1983) and the system used in this study are associated with a change in

the photodiode-array detector. The previously used TN1223 detector was

replaced with a TN6132 1024-element detector. The latter detector, when

directly compared with the former, displayed less cross-talk, a larger

dynamic range, and little--if any--memory retention. As a result, the

splitter arrangement as well as the data-acquisition software of the

previous system could be simplified. Calibration of the new detector

has been described by Goss et al. (1983). This CARS system displayed

80-K precision for repeated single-shot temperature measurements and

10-K accuracy in time-averaged mean measurements, as compared to a

chromel -alumel thermocouple.
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4 LDA Instrument

The LDA system shown in Fig. 3 was built by Lightman et al. (1983) and

is a two-velocity-component, real-fringe system based on polarization

separation of the velocity components. The 488-nm line from a Spectra-

Physics argon-ion laser was used as the light source, with - 1-pm-dia.

alumina particles (A1203) being used as the scattering medium. The

scattered light was collected in the forward direction slightly off-axis

(12 deg.) by a parabolic mirror which collimated and reflected the light

to the collection optics. The collection optics consisted of a focusing

lens, a Glan Thompson polarization beam splitter to separate the various
0

polarization components, and two optical fibers. The optical fibers

allowed the processing electronics to be remotely located from the flame

environment. The processor electronics consisted of two 1990 TSI burst-

counter processors which were modified to permit coincident velocity as
.- 4

well as CARS data to be obtained. A computer interface allows data

rates in excess of 30,000 velocities/s to be transferred and stored on a

Modcomp computer. A 40-MHz Bragg shifter was used to shift the Doppler

signal in order to remove direction ambiguities in the experiments

reported by Goss et al. (1984). This, however, resulted in a relatively

coarse velocity resolution (0.5 m/s) due to the bit resolution of the

1990 processors. To circumvent this problem, the 40-MHz signal was

mixed with a 35-MHz signal, resulting in a 5-MHz Doppler signal with a

velocity resolution of 0.006 m/s which is better suited for the low-

velocity flames under study.

In the earlier studies conducted by Goss et al. (1984) with the combined

CARS/LDA instrument, TiO 2 particles were used exclusively as the seed,

210 "
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It was observed in the present work that TiO 2 displays a higher-than-

expected dropout rate at high temperatures. The velocity-realization

rate is expected to decrease at higher temperatures due to the density

weighting of the LDA measurement (high temperatures, low seed density).

However, the dropout rate for TiO 2 was two to three times higher than

could be explained by a density-weighting mechanism. Several suggestions ... *.

have been made by Moss (1979) and Ebrahimi and Kleine (1977) to explain

this phenomenon. For example, it was suggested that TiO 2 may undergo a
2" p.

phase transition at high temperatures which results in a smaller scat-

- tering cross section and reduced signal strengths. It has also been

suggested that the TiO 2 particle may break up to form smaller particles

4.at high temperatures, thus reducing the scattering cross section. A

systematic study of this phenomenon was not conducted in the present

investigation. Rather, it was decided to use alumina particles as the -

*" seed. These particles, when tested under flame conditions similar to

those used with the A1203 , displayed close agreement with expected

density-weighted dropout rates. Thus, alumina seed particles were used

for the experiments reported in this paper, unless otherwise stated.

The density-weighed biasing will be discussed in more detail in a later

section.

5 Combined CARS/LDA System

Several problems arose while interfacing the LDA and CARS instruments. ..- ,

The main problem involved designing the appropriate interface to ensure

that the CARS and LDA measurements would be as simultaneous as possible.

The time coincidence required to ensure that the conditions at the
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measurement point will be the same as those during the time interval 4,,

between the two measurements is dictated by the fluid dynamics of the

flame under study. To ensure that temperature and velocity measure-

ments, from a practical viewpoint, are simultaneous in the low-velocity

Bunsen-burner flame (0 to 5 m/s), the time difference between the mea-

surements must be on the order of hundreds of microseconds. At higher

flow rates such as those encountered in gas-turbine systems, the coinci-

dence time must be on the order of tens of microseconds.

The Nd:YAG laser used in the CARS experiment was designed to operate at

a 10-Hz rate; the LOA instrument processes velocities at a rate which is

related to the passage of the seed particles through the fringe pattern.

Since particle arrival is random in nature, the coupling of the two

instruments requires that random events be coupled to a 10-Hz repetitive

event.

The approach followed in combining these two instruments involved creat-

ing a 100-us window during every 100-ms firing interval of the Nd:YAG ,.

" laser. If an LOA realization should occur during this window, the CARS

laser would be allowed to Q-switch. The firing sequence of the Nd:YAG

laser consists of first discharging the flashlamps to obtain a popula-

tion inversion and then pulsing the Q-switch to depopulate the upper

laser levels and, thereby, obtain a giant laser pulse. The time separa-

tion between the flashlamp discharge and the Q-switch pulsing is 250 us.

The lO0-us LDA window is centered about the optimum 250-vs delay after

the flashlamp firing. The width of the 100 -us window was determined

experimentally by varying the time delay between the lamp firing and the
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Q-switching. When the window is centered on the optimum delay, firing N.

the Nd:YAG laser 50 ps on either side of center corresponds to a 25%

drop in laser power. The net result of such an approach is that the

coincidence time is determined by: (1) the time required by the burst-

counter processor to determine the velocity from a Doppler burst (4 Vs)

and (2) the time required for the laser to lase after the Q-switch pulse ?

has occurred (50 ns). With this method a 50-m/s fluid element would

move only 200 pm in the 4 -ps interval between velocity and temperature

measurements.

The drawbacks of such an approach are that the narrow window over which

the LDA event is accepted results in a substantially reduced data-

acquisition rate. With the LDA in the free-run mode, 500 velocity

realizations per second are observed in the flame. With a 100-ps window

every 100 ms, the total sampling time per second is 1 ms. This allows,

on the average, only 1.0 simultaneous velocity-temperature measurement

every two seconds.

The experimental arrangement of the combined CARS/LDA instrument is dis-

played in Fig. 1. In order to minimize the changes in optical configu-

ration of the separate systems, a counter-propagating arrangement was

used in which the instruments were on separate optical tables. The col-

limating lens and turning mirrors of the CARS system were rearranged on

the LDA optics table, while the parabolic forward-scattering collection

mirror of the LDA system was placed on the CARS table. This caused no

major problem for either system ard also minimized the number of optical

changes necessary. To ensure overlapping of the measurement voluries for

-:
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the two systems, a 100-um circular aperture was used to locate and align

the foci at a common point. 4

The timing sequence for data acquisition is shown in Fig. 4. The CARS

shot gate is initiated by a machine-code software program from the

TN1710 controller (LSI 11/02 microprocessor). If a velocity realization p

occurs during the gate, data are transferred under direct-memory-access -.

(DMA) control to the 7840 Modcomp computer for storage on a 20-Mbyte

disc system. The data-ready signal from the TSI 1990 burst-counter

processor is sent to the TN1710 unit which, in turn, sends the fire Q-

switch command signal to the Nd:YAG laser. The TN6132 multichannel

detector transfers the CARS data to the spectral-data memory (SDM) of •t w,
,p.. .

the TN1710 from which the data are transferred under DMA control to the
W. C--•..

7840 computer. Before the data are transferred to the 7840 computer,

the last ten channels of the 1024-channel CARS data are overwritten with 1

the shot count for that particular laser firing. The shot count is used

for bookkeeping by analysis programs. -I

One problem encountered during checkout experiments at room temperature

was optical breakdown caused by the seeding conditions. To minimize

this effect, the energy density at the foci of the CARS pump and probe

beams was reduced by changing from a 50- to an 80-cm-focal-length lens.
' 4h* -'

This lowered the spatial resolution to 2 - 3 mm in the longest dimension

but substantially reduced the occurrence of optical breakdown. No such

problem was encountered in the flame due to the reduced seed densities

associated with the elevated temperatures. The 80 cm-focal-length lens

was used in the experiments reported herein. _..
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For low-velocity flows the seed particle has insufficient time to clear

the sample volume before the CARS laser fires; thus, potential problems

related to the presence of the seed during the CARS measurement must be

addressed. Possible problems include: (1) optical breakdown, which is

addressed in the above paragraph, (2) a contribution to the overall non-

resonant susceptibility produced by the particles, which would effec-

tively increase the measured CARS temperature, and (3) a reduction in

the temperature of the flame due to heat loss in the form of blackbody S_

emission by the seed. To determine whether the presence of the seed

particle affects the CARS measurement, an experiment was conducted in

which the plume region of the premixed flame was measured with and with-

out seed particles. The result was that the two measured mean tempera-

tures always agreed to within 10 K. The 10-K difference is well within

the reproducibility of the burner experiments; thus, no major effects 4

were observed due to the presence of the seed particle in the measure-

ment volume. -

6 Results and Discussion

6.1 Flame Characteristics

A turbulent Bunsen -burner flame was chosen for this study because

experiments have demonstrated that large vel oc ity- temperature correla- Irgo

tions exist in and around the reaction zone. The detection of similar.

correlations with the combined CARS/LDA system would indicate that the

system was functioning properly. Yanagi and Mimura (1981) and Tanaka

and Yanagi (1983) observed both positive and negative correlations in

different regions of a premixed propane-air flame. Extensive mapping of
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th- velocity-temperature correlations was carried out in the Tdnaka and

:, Yanagi (1983) study using a two-component LDA system and a fine-wire

thermocouple. Although significant differences exist between that

experiment and the present one, in general, the qualitative trends of

the time-averaged flame characteristics and the velocity-temperature

correlations are very similar. These similarities and differences will

be discussed in this section.

The Bunsen burner employed by Tanaka and Yanagi (1983) made use of

screens to generate turbulence, and the flame was stabilized by a pilot

flame surrounding the burner port. It was found in the present investi-

gation that the seed particles clogged the screen when such a burner was -

operated for long periods of time. Since the low data rates being.-.-

employed here made it essential that the burner operate stably for long

time periods, this approach was abandoned. For the burner in the pres-

ent study, turbulence and flame stabilization were achieved by intru-

sions into the exit tube. Tanaka and Yanagi (1983) used a natural

gas-air mixture with an equivalence ratio of 0.6; whereas, a propane-air

mixture with an equivalence ratio of 1.3 was used here.

The tip of the visible flame here was 23 mm (2.1 D); whereas, the flame

used by Tanaka and Yanagi (1983) had a visible length of 6.2 D. In a

comparison of the results of these two studies, it is assumed that the

processes occurring in the respective reaction zones should be similar .

if scaled by the respective lengths of the visible reaction zone.

The average and rms temperature, axial velocity, and radial velocity at ..-

two axial positions are plotted in Figs. 3 - 5. These data were
•21-6'..
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collected with the CARS and LOA systems operating independently. Super-

imposed on these plots is a time-averaged display of the premixed flame

obtained from a long-exposure flame photograph. At an axial position 15

mm just inside the visible flame region, the temperature profile in Fig.

3 shows a large dip in the central region of the reaction zone and a

peak in the surrounding plume; whereas, the rms fluctuations peak at the

center and decrease sharply in the plume region. The axial velocity and

corresponding fluctuation are relatively flat at this axial location, as

noted in Fig. 4. The radial velocity profile at 15 mm shown in Fig. 5

is similar to the temperature profile, with a peak value occurring just

outside the flame zone very near the edge of the burner and the fluctua-

tions being nearly flat. One of the intrusions used to stabilized the

flame was inadvertently located in the measurement plane to the right of

the centerline; no intrusion occurred to the left of the centerline.

This is believed to be the cause of the asymmetry noted in Figs. 3 - 5. %.

Disregarding the asymmetry, the observed trends for the mean and fluc-

tuations at the 15-mm position are similar to those observed by Tanaka

and Yanagi (1983) near the bottom of the visible flame.

At the 1.5-mm axial position, the flame is quite stable and displays

little temperature fluctuation, as noted in Fig. 3. The mean tempera-

ture and radial velocity maximize at the plumre-reaction zone interface

and decrease on either side due to the narrow width of the flame in this

area. This observation is different from that of Tanaka and Yanagi

(1983); V-1 peak temperature occurred at the edge of their pilot burner.

Nevertheless, the time-averaged characteristics of their flame and ours

are quite similar if scaled by the visible flame length.
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6.2 Bias Errors

Direct evaluation of the performance of the combined CARS/LDA system in '"

a turbulent flame is difficult since no other technique exists for

, checking the velocity results--much less an established technique for .

providing simultaneous temperature and velocity correlations. There- P

fore, one normally relies on checks of the individual instruments under

test conditions where other techniques are known to provide reliable

data. Lightman et al. (1983) performed such checkout tests with the LDA

system used in this study and found that for cold-flow environments,

data from hot-film and Pitot-static probe measurements compared favor-

ably with the LDA results. Also, Goss et al. (1983) demonstrated the

performance of the CARS system in comparative studies with thermocouples

in furnace and flame environments. Indeed, the mean and rms data pre-

sented in the previous section indicate that the individual CARS and LDA .
4. '4.

systems are performing properly in the Bunsen-burner flame. Since the

combined CARS/LDA system is extremely complex, checks of the individual .

instruments are not sufficient to assure the performance of the combined

instrument.

The individual CARS/LDA measurements can be used with conditional sam-

pling techniques to determine whether bias errors are present in the

combined CARS/LDA system. A CARS/LDA measurement is initiated by the

presence of a seed particle in the measurement volume during the time

interval (window) whn the CARS laser is ready to fire. Since the dis-

tribution of seed particles in the flow determines the measurement sam-

pling statistics, bias errors due to seeding may occur. The presence .

and magnitude of seed biasing errors are very difficult to assess
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because an accurate unbiased measurement is also required. A CARS tern- PI perature measurement made simultaneously with an LDA measurement is a

conditional measurement since it depends on the presence of seed. How-

ever, unconditional CARS temperatures can be measured independently at a

constant rate. These unconditional measurements will also be unbiased

as long as the measurement frequency is not locked to an instability

frequency in the flow. By comparing the mean and probability distribu-

tion functions (pdf's) for conditional and unconditional temperature

measurements, biasing errors can be examined for different test condi-

tions.

Three different seed bias errors are known to occur in LDA measurements

in cold flows. First, if the seed particles are too large to follow the

flow field, then the velocity measurements will be biased toward the low

velocities. It is generally accepted that such errors do not exist in

turbulent flows when the particles are -. 1 um in diameter. The second

type of error is due to a variation of seed density which results from

nonuniform seeding. This error can occur even when only one flow stream *

is present. For example, a uniformly seeded jet ejected into still room

L air will entrain unseeded air into the plume. This can cause the

velocities in the shear layer to be biased toward the higher values

since the higher velocities from the inner region of the jet are most

I likely to be measured. Errors due to nonuniform seeding have been dis-

.A cussed by Durst (1974) and Yule et al. (1980). The third type of error

Ile ~ was first considered by McLaughlin and Tiederman (1973) and more X

recently by Edwards and Baratici (1984) and Chen and Lightman (1985). A
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bias error in a uniformly seeded flow may result because there is a

higher probability that a seed particle is present in the faster-moving

than in the slower-moving fluid elements. This causes the velocity *-..-

pdf's and the average velocity to be biased toward the higher values.

Although these errors are known to occur in cold flows, they can also

occur in combustion flows. ..

Additional errors can occur as a result of combustion. High flame tem- ,.p.

peratures can cause a reduction in the effective scattering cross sec-

tions of certain seed materials which results in a higher probability of

sampling low-temperature fluid elements. As mentioned earlier, Ebrahimi

and Kleine (1977) observed such an effect for TiO 2. Figure 6 demon-

strates that the CARS/LDA system through the use of conditional sampling , ,

can detect this effect. Each pdf contains about 1500 individual mea-

surements. The conditional pdf's in column TC' as compared to the

unconditioned pdf's in column TU' are strongly weighted toward the lower

temperatures. For example, the high-temperature peak shown in the

unconditional measurements at r = 0 is extremely weak in the conditional, ... -

pdf. Biasing of the conditional measurements toward low temperatures

is also very evident in the mean temperatures shown in Fig. 6. However,

the bias in the width (rms value) of the distribution depends on the

actual shape of the unconditional pdf.
,.' %*"%

Another bias error that may occur in flames is due to a variation in gas . W

density. The seed density is expected to be proportional to the gas

density. This will result in a higher probability of measuring low-

temperature, high-density fluid elements if the samples are not col-

lected at a constant rate. This bias error might be somewhat offset by .
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the McLaughlin-Tiederman high-velocity bias if the lower-density fluid

elements are moving faster than the high-density elements. However, the

two bias errors need not cancel out. A gas-density bias error was sug-

gested by Magill et al. (1982) to explain a bias toward low-velocity,

low-temperature fluid elements when high-velocity, high-temperature

fluid elements were known to be present more than 60%/ of the time..

,. WrL q,

Recently, Heitor et al. (1984) computed a Favre-averaged pdf from uncon-

ditional (constant-sampling-rate) thermocouple measurements and compared

the results with a pdf obtained from conditionally sampled simultaneous

LOA and thermocouple measurements. Although their data samples were not

sufficiently large to rule out sampling errors, the Favre-averaged and

conditional pdf's were similar.

The low-temperature bias error noted in Fig. 6 may be due, in part, to

gas-density variations. To determine whether this is the case, the . ~

unconditional pdf's were density weighted using Eqs. (1) and (2)

TF B.

r% %

TF-,-- (2)

where Bi is the density-weighted probability of measuring a temperature

Tes TF the Favre-averaged or density-weighted temperature, T the uncon-F u
ditional temperature, and B the unconditioned probability of measuring

- -S . ,

temperdture Ti A comparison of the pdf's in Columns Tand TF in Fig.

C" F

6 reveals that the low temperatures are more pronounced than would be

2.
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density. The data in Fig. 6 indicate that TiO- is not a good seed par-
2

tidle for combusting flows.

Figure 7 illustrates the density bias error which may result from the

use of AI203 seed particles. This figure contains unconditional and

conditional temperature pdf's measured at an axial location of 15 mm and

at three radial locations. The average conditional temperatures are

more than 270 K lower than the unconditional ones, and the pdf's are

weighted toward the low-temperature, high-density values. Comparison of

the shapes of the density-weighted pdf's (Column TF) with those of the

conditional pdf's (Column TC) gives strong support to the proposition

that the measurements conditioned by the presence of seed particles are

density weighted. Therefore, AI2 03 seed particles were used in the

remainder of this study.

Table I shows a more detailed comparison of the mean and rms tempera-

tures at different radial locations in the flame. The error between TF

and TC is typically 4.6%, whereas the error in the rms values is typi-

cally 17.3%. Although these errors are considerably smaller than those

of the unconditional and conditional data, they are, nevertheless, much

larger than would be expected from the precision of the individual CARS

measurements. The relative disagreement between the rms values of TF

and TC suggests the possibility of a sampling error. It appears that a

larger sample is required for conditional CARS/LDA measurements to per-

mit accurate determination of the rms values. Even with a sampling
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error, the conditional measurements appear to be strongly density

weighted.

,.4 ..- ,.,

The possibility exists that the combined CARS/LDA measurements may be

biased to a greater extent than expected from density weighting alone.

The simultaneous measurements depend not only on the presence of seed

particles but also on the window during which the CARS laser fires. It

is conceivable that an additional bias error could result due to the

,I.

window width. For example, Nejad and Craig (1985) observed bias errors

in 20 LDA measurements in cold flows due to the window width when data

* were obtained at a uniform rate. The possibility of a window bias for

the CARS/LDA measurement was examined in the present investigation by

4. comparing axial velocity pdf's obtained simultaneously with and indepen-

dently of the CARS measurements. The results indicate that such a bias

would be less than 1% of the mean velocity value. rs d t h

6.3 Temperature/Velocity Correlations

As discussed in Section 6.2, the velocity measurements appear to be den-

sity weighted with alumina seed particles and, thus, are Favre averaged.

However, since the temperature is determined simultaneously with the

N velocity, the Reynolds-averaged correlations can be determined by cor-

recting the individual measurement using

N

'-TFi uh. 'Fi

Fi
i =1

223 T/j



,.

where u' is the axial velocity fluctuation about the Favre average of

teith thmesrdtpra
the it measurement. TFi is the density-weighted i measured tempera-

ture, aFi the ith measured temperature fluctuation about the Favre

average, and N the total number of measurements. This allows a direct

comparison between the Reynolds-and Favre-averaged correlations. ...

The axial and radial velocity correlations with temperature near the

base of the burner in Figs. 8 and 9 show the same trends as those

observed by Tanaka and Yanagi (1983). They found a negative correlation

between axial velocity and temperature at the interface of the reaction

* zone and the burnt mixture and a positive correlation between radial

velocity and temperature very near the same radial location. The same

trends can be observed in the 1.5-mm profiles shown in Figs. 8 and 9.

Figures 8 and 9 also show velocity-temperature correlation profiles at

the 15-mm position near the tip of the reaction zone. The axial

velocity-temperature correlation has a minimum at the centerline where

the average temperature is a minimum and peaks near the plume-reaction

zone interface. A peak of 81 is observed, indicating strong positive

-. correlation (high temperature, high velocity) in this region. Since the

mean temperature gradient is also positive at this location (See Fig.

3), counter-gradient transport is occurring.

The large fluctuations in the reaction-zone area are due to the penetra- . -9

tion of the unburnt gases into this region, as demonstrated by the pdf's

shown in Fig. 7. Disregarding the conditionally sampled pdf's in this

figure, the unconditionally sampled pdf (sampled without the LDA) dis-

-* played bimodal peaks in the central region of the flame (r = 0). Notice
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the strong low-temperature peak indicative of the penetration of unburnt

gases. In the plume region (r 6), the pdf becomes single mode, indi-

cating primarily burnt gases.

In general , the magnitude of the correlations is lower in the biased

case, with the maxima shifted from just inside the reaction-zone plume

interface to the right of the interface. The difference in the magni-

tude of the correlations due to density weighting can vary as much as a

factor of 2. The observed shift in the maxima is on the order of 1 mm.

The effect on the radial correlations shown in Fig. 9 is quite similar

to that on the axial correlations. Both an amplitude and a spatial dif-

ference are observed between the density-biased and corrected radial

correlations. The amplitude difference in the radial-correlation case

is somewhat smaller, '_ 1.4; but the spatial shift of the maxima is

approximately the same, 1 mm. Thus, while the general features of the
density-biased correlations are the same as those of the corrected cor-

relations, the amplitudes as well as the spatial locations of the maxima

are different and must be taken into account if an accurate determina-

tion of the correlations is to be made.

7 Summary and Conclusions

The ability of a combined CARS/LDA instrument to make temperature and

two-velocity-component measurements nearly simultaneously (within 4 vus)

at a common point in a flame has been demonstrated. A turbulent pre-

mixed propane-air Bunsen-burner flame was chosen for this study because
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of the characteristics: 1) positive radial velocity and temperature

correlations in the turbulent reaction zone where the temperature gradi-

ent is positive, 2) negative axial velocity and temperature correlations

near the burner base, and 3) positive correlations near the tip of the

reaction zone. The CARS/LDA measurements confirmed these characteris-

tics for the Bunsen-burner flame. These results are viewed as a neces-

sary condition for demonstrating the performance of the CARS/LDA system.

The ability of the CARS/LDA system to examine bias errors due to the

presence of seed particles has been demonstrated. Simultaneous CARS

temperature and LDA velocity measurements are conditioned by the proba-

bility that there is a seed particle in the measurement volume during

the 1O0-ps time interval in which the CARS laser is ready to fire. Com-

parisons of CARS temperature pdf's obtained independently (uncondi-

tional) and simultaneously (conditional) with the LDA using A1203 seed

particles show a strong weighting toward low temperatures (high den-

sities). Density-weighted temperature pdf's were computed using the

unconditioned pdf data. The density-weighted pdf's compared favorably

with the conditioned pdf's, which strongly suggests that the CARS/LDA

system provides Favre-averaged data. When TiO is used as a seeding
2

material, a bias occurs due to a change in the TiO 2 particle-scattering
2

cross section at high flame temperatures; this was demonstrated by com-

paring conditional and unconditional temperature pdf's.

.-.

A major problem with the CARS/LDA system involved low sampling rates

(< O.5/s) requiring very long data-collection times and resulting in the

possibility that some of the data might be under-sampled. Low samplingL *.-...226 -
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rates were caused by the narrow 100-ps window used in obtaining tne 4-ps

coincidence between the velocity and temperature and the low seeding F

rates which normally occur in flames.

In order for the CARS/LDA system to become a practical tool for studying -

turbulent flames, increased data-acquisition rates which approach the

speed of the CARS laser firing are essential. Increased rates can be

achieved by improving seeding techniques. The development of a high-

constant-output seeder is important for future transport studies in tur- *'

bulent flames. Another improvement to the CARS/LDA system which should

result in increased data rates is to eliminate the lOO0-s window and

fire the CARS laser at a constant rate of 10 Hz while free running the

LDA. Coincidence would be achieved by interpolation of the LDA data to

obtain the two velocity components at the time of the CARS laser firing.

The accuracy of the assigned velocities and the uncertainty in the

velocity-temperature correlations could be estimated using the LDA data

collected before and after the CARS laser firing. This procedure should ,

improve the data-collection rate without seriously reducing the coinci-

dence time. This approach will be investigated in future studies.
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List of Figures

Fig. 1. Optical layout of the combined CARS/LDA instrument.

Fig. 2. Timing sequence for data-acquisition for the combined CARS/LDA

instrument.

Fig. 3. The time-averaged (T) and rms (e) temperature profiles at axial

locations of 1.5 and 15 mm. CARS temperature measurements were

made independently of the LDA measurements at a rate of 10 Hz.

Fig. 4. Time-averaged (U) and rms (u') axial velocity profiles at axial
locations of 1.5 and 15 mm. LDA measurements were made inde-

pendently of CARS measurements at an average rate of 500 reali-

zations/s. -.-

Fig. 5. Time-averaged (V) and rms (v') radial velocity profiles at

axial locations of 1.5 and 15 mm. LDA measurements were made

independently of the CARS measurements at an average rate of

500 realizations/s.

Fig. 6. CARS temperature pdf's obtained at an axial location 21.5 mm

and radial locations of 9, 4, and 6 mm. f represents the CARS

temperatures measured independently of LDA velocities (uncondi-

tional). TF represents the Favre average of the TU temperature
Fm u % %

pdf's, and TC represents the CARS temperatures measured simul-

taneously with LDA velocities using TiO 2 seed particles (condi-

tional).
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Fig. 7. CARS temperature pdf's obtained at an axial location of 15 mm

and radial locations of 0, 4, and 6 mm. f represents the CARS

temperature measurements made independently of the LDA mea-

surements (unconditional). represents the Favre average of

the TU temperature pdf's, and TC represents the CARS tempera-
.. .

ture measurements made simultaneously with LDA measurements

using A1203 seed particles (conditional).

Fig. 8. Favre- and Reynolds-averaged axial velocity/temperature cor-

relations about the mean at axial locations of 1.5 and 15 mm.

AI203 particles were used to seed the flow.

Fig. 9. Favre- and Reynolds-averaged radial velocity/temperature corre-

lations about the mean at axial locations of 1.5 and 15 mm.

The LDA measurements were made using A1203 particles.
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Table 1. Comparison of mean T and fluctuating e temperatures at an axial

location of 15 mm and various radial locations: unconditioned (U), Favre

averaged (F), and seed conditioned (C) .

Average temperature (K) Root-mean-square temperature (K)

r U i C TF -TC e F-"eC 4'

rF'FU OF e F C

(nin) (K) (K) (K) (%) (K) (K) (K) (%)

0.0 883 678 582 14.0 531 393 289 26.5

1.0 1002 742 722 2.7 547 439 378 13.8

2.0 1040 782 774 1.0 541 449 391 12.9

3.0 1342 1029 994 3.4 568 566 472 16.6

4.0 1655 1426 1368 4.1 464 572 525 8.2

5.0 1885 1816 1744 4.0 285 356 384 7.9

6.0 1878 1656 1607 3.0 263 255 278 8.3

7.0 1806 1783 1741 2.4 190 199 263 32.2

8.0 1759 1733 1611 7.0 203 211 273 29.4 '
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Section 3~ "I>"..,

HARDENED-CARS-SYSTEM DEVELOPMENT ) !

A hardened CARS system was designed and constructed to perform diagnostics in

the AFWAL Room 20 Combustor Test Facility. The initial system was designed to

perform temperature and species-concentration measurements on a single molecu-

lar species. A complete description of this system and its characterization

is contained in a paper entitled, "A Hardened CARS System for Temperature and

Species Concentration Measurements in Practical Combustion Environments,"

which follows.

The capability of the original hardened system was greatly expanded by the

replacement of the original dye amplifier by a second dye laser. This pro-

vided the capability of simultaneous determination of two species concentra-

tions, in particular, nitrogen and oxygen. The system was further modified to

incorporate a dynamic-range-enhancement scheme.21  This modification extended

the limited linear operating range of the DARSS detector sufficiently to

accommodate the intensity fluctuations found in turbulent combustion environ-

ments.

After initial checkout and calibration of the basic system, an extensive soft-

ware development effort was initiated. The most fundamental routines devel-

oped for the acquisition and maintenance of the hardened-system data are

listed in Table II.
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TABLE IT I --

HARDENED-CARS-SYSTEM SOFTWARE
-p..

PROGRAM NAME DESCRIPTION

%-'N
SPCGEN "SPC Generate" generates a library of calculated spectral

data and stores this information on disk partition SPC.

SPCRED "SPC Read" reads and displays calculated spectral data.

SPCSUM "SPC Summary" prints a summary of several important.'

parameters calculated by SPCGEN.

DATAKE "Data Take" acquires experimental data and stores on

either tape or disk.

REDUCE "Reduce" reduces experimental data to temperatures and_..

concentrations and creates a library of reduced data on

disk.

REDATA "Read Data" reads and prints either experimental or
reduced data.

IN

LIBXFR "Library Transfer" transfers the reduced data library cre-

ated on disk to permanent storage on magnetic tape.

245
S'.W;
S.°,



TABLE II (Continued)

PROGRAM NAME DESCRIPTION

LIBPLT "Library Plot" searches library data on either disk or

tape for date, time, and position and plots the PDF's and

profiles of temperature and N2 and 02 concentrations.

PMTDTA "Photomultiplier Data" provides set-up displays for inte-

grated-intensity measurements and also provides quick-look

temperature and concentration determinations.

SPCELM "SPC Elements" generates a library of spectral elements .

from which spectra can be created to provide compensation

for .nonresonant background contributions. -

REDELM "Read Elements" reads and displays spectra stored by

SPCELM.

REDUSE "Reduce" reduces experimental data to temperatures and

concentrations through the use of the spectral elements of

SPCELM to compensate for nonresonant background effects.
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A hardened CARS system for temperature and species-
concentration measurements in practical combustion
environmentsa

G. L. Switzer and L. P. Goss

Systems Research Laboratories. Incorporated. 2800 Indian Ripple Road. Dayton. Ohio 45440-3696

A system employing the technique of Coherent Anti-Stokes Raman Spectroscopy (CARS) has been -F r
constructed to permit non-intrusive combustion diagnostics in the harsh environment of practical combustion % -%
systems. Features incorporated in the system design include the capability of obtaining simultaneous . -
temperature and concentration information on multiple gas species, temporally resolved true time-averaged "41 _

data at rates of up to 20 Hz, and high spatial resolution within the sampled volume. In order to handle the

potentially large number of CARS optical signals economically, optical fibers are employed to accomplish a
parallel-to-serial conversion of the light pulses between the hardened optical system and a remotely situated %. %
spectrometer/detector combination. A description of the system and its capabilities is presented along with a
quantitative description of such parameters as measurement accuracy, precision, and spatial resolution. %

INTRODUCTION

The potential of the coherent anti-Stokes Raman for optical pumping of dye cell DCI which, combined
spectroscopy (CARS) technique for non-perturbing optical with mirrors DM1 and DM2, forms a broad-band (150 cm

-1
),

diagnostics in practical combustion media has continued concentration-tuned dye-laser oscillator. The remaining
to develop over the past few years. - At the Air green pump energy transmitted through BS2 is used to
Force Wright Aeronautical Laboratories/Aero Propulsion pump dye cell DC2 for dye-laser amplification (option-
Laboratory, a program contributing to this development ally, the energy used to pump the amplifier can be

P has been directed toward employing the CARS technique diverted and used to drive a second-frequency dye
to obtain temperature and number-density information in oscillator for multiple-species operation). The
the harsh environment produced by simulated practical Stokes-radiation beam thus produced passes through a Apcombustors. Experiments conducted early in this program beam-expander telescope formed by dye lenses DL2 and
with a ruby-laser-based collinear optical system opera- DL3 in order that its divergence may be adjusted to
ting at I Hz5 demonstrated the ability of a CARS system produce a coincident focus of the dye and green beams
to perform reliably in such hostile environments. Data in the sample volume.
from these initial experiments indicated that improve- ..4..
ments in the CARS-diagnostic-system capabilities were
needed. For these improvements a system capable of PP2 853 3 ."-.1
high spatial resolution was required to provide more 3
spatially precise single-shot simultaneous temperature P
and number-density data as well as higher repetition DI1 "S 81 %
rates. With higher repetition rates, sufficient data RD
could be obtained in 

a short period of time to allow 
DLI I L2 B

true time-averaged measurements of these quantities to I PI RS
be developed from their probability distribution func- I-

tions (pdf's). I 87D
This paper contains a description of an environ- I P2 8DC B.

mentally hardened CARS system constructed to incorporate 212.oi DP ILI 84 -
those improvements which were suggested 

by earlier I 2 L,

experimentation. Among other improvements to system DP2 DP3 1 83PF ..2
performance, the system design has been extended to IC -. - R,. "
include the capability of performing temperature and F.
number-density measurements simultaneously on more than I FREQUENCYD
one gas species. The results of measurements performed Nd YAG "."I- L
during the initial check-out of this system in the L----

laboritory are presented to give an indication of the -4 SPr"TE_
precision and accuracy of which the system is presently B,5
capable.

OPTICAL-SYSTEM CONFIGURATION

The hardened CARS system is based upon a Quanta-Ray FIG. 1. CARS-Optical-System Schematic. ,'*
DCRIA frequency-doubled neodymium-YAG laser (which has
a maximum repetition rate of 20 Hz) and a folded The remaining green beam, formed from the 50% ofBOXCARS '

7 
optical configuration which 

permits very the input energy reflected from 
beam splitter BSi, is

high spatial resolution. The optical layout of the split in half by beam splitter BS3 after passing
system is shown schematically in Fig. I and can be through a delay-equalization path formed by pump prisms
traced as follows. The Quanta-Ray laser is supported PPl and PP2 to compensate for a delay experienced in
above a 1.2 m - 1.83 m Newport Research Corp. breadboard the dye-laser geometry. The beam reflected at BS3 is - ,
table top. Its 532-nm (green) output is folded down by passed parallel to the table toward pump prism PP4. -
periscope PI to an optic plane 7.6 cm above the table. The transmitted portion reflected by PP3 is inclined % 4
Approximately 50% of the nominally 185 mJ of green such that as it leaves prism PP, it is vertically

output is passed through beam splitter BSI and focused aligned with--but displaced 2.5 cm below--the green
by lens DLI. This focused beam is split in half by beam beam leaving PP4. It is this separation of the two
splitter BS2. The portion reflected from BS2 is used green "pump" beams which forms the basis for the

Reprinted from Temperature, Its Measurement and Control in Science and
Industry, Vol. 5 (J. F. Schooley, Ed.) (American Institute of Physics, 583

New York, 1982), pp. 583-587.
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BOXCARS
8 
configuration. The dye-laser beam is made greatly improves the available dynamic range of the

parallel and coplanar with the pump beam from prism PP4 multichannel detection system. The usable, linear .

but separated horizontally by I cm, causing the forma- dynamic range of the DARSS system for the short-pulsed _?

tion of the folded BOXCARS geometry. optical phenomena being studied has been measured to
The three-beam configuration thus formed is be 

= 
20. In order to extend this factor to the order

elevated to a height of 38 cm by periscope P2 which of at least 300, which can be anticipated in a turbu-
consists of a 50-mm right-angle prism on tile bottom and lent combustion environment, the sample CARS signal
two 25-mm prisms on the top. One of the upper prisms may be split after being collimated into two, three, -

controls the pointing of the pump and dye pair, while or more different proportions. These beams are then
the other directs the single pump beam toward a 10-cm- displaced across the DARSS detector as described
diam., 50-cm-focal-length lens Ll. Since the upper two previously. The largest portion of the sample beam
prisms on periscope P2 are independently adjustable in is monitored for the highest temperature indications,
their vertical separation, the CARS geometry is con- and the weakest split is adjusted to permit observa-

tinuously adjustable from collinear (with properly tion of the coolest temperatures present. Thus, with Jb

reconfigured dye placement) to BOXCARS with a maximum the proper selection of splitting ratios, one of the
crossing full angle of 1 10 deg. The three beams multiple signals will be located within the usable
converge from LI through beam splitter BS4 toward a linear range of the DARSS at all available temperatures.
sample volume located midway between BS4 and a 7.6-cm- The optical system--with the exception of the
diam., 40-cm-focal-length collimating lens L3. The spectrometer and detectors--is enclosed by a light-
spacing of the components BS4 and L3 is such that the weight protective cover which provides isolation from
sampled volume can be scanned + 11 cm about the center acoustic vibrations, thermal gradients, and atmospheric '.
of a 47-cm-diam. combustion tunnel. After collimation dust. The NRC honeycomb table top is supported on
at L3, most of the green and dye energies are absorbed pneumatic castered wheels which allows the system to
in beam dumps BD6 and BD7. The anti-Stokes signals be easily transported.
generated in the sample volume are spatially separated
from any remaining green light by passing them through DATA-COLLECTION ELECTRONICS
sample-dispersing prisms SDP. After dispersion, separa-
tion of spectral components takes place over a 3-m path Once the sample and reference CARS optical
traversing perisocpe P4, sample prism SP1, and neutral- signals have been converted by the detectors, the
density filter Fl; and, finally, the anti-Stokes energy data are conditioned, collected, and stored for %
is focused onto a 200-wm-diam. fused-silica fiber-optic subsequent analysis by the data-collection electronics
waveguide by the numerical-aperature-matching sample- outlined in Fig. 2. The spectral information obtained
collection optic SC. by the Diode Array Rapid Scan Spectrometer (DARSS) is

In order to compensate for fluctuation in the CARS digitized by the Tracor Northern 1710 Multichannel
signals caused by laser-power fluctuations or slight Analyzer System. The 512 channels of data produced . ,,.

beam misalignments, a parallel referencing scheme is are then transferred via computer-interfacing circuitry .-.-
employed. The medium in which the reference signal is to a Modular Computer Systems (MODCOMP) 7840 Classic r.$'
generated is controlled to produce either a resonant or Series Computer where permanent storage is provided 6%

a nonresonant CARS signal, depending upon whether on 10-MByte disks. Machine-language software has
integrated intensity or spectral normalization of the been developed for the PDP-11 based Tracor system
sample signal is desired. This reference leg begins which controls and synchronizes the firing of the %
with the 15% energy reflection from beam splitter BS4. laser, handshaking with the MODCOMP computer, and "

A description similar to that given for the operations integrated as well as spectral-data transfer. The

performed in the sample beam path can be given for the data transfer is accomplished within 15 msec, allowing
reference leg ending with the signal being focused into ample time for DARSS signal integration during normal
a reference fiber by the collection optic RC. 10-Hz (100-msec) operation.

The lengths of the sample and reference fiber-
optic waveguides are critical to overall svstem opera- %- -*.

tion and are determined using two criteria. First, in %/. 'o

order to ninimize environnental effects found in
practical combustion situations upon the sensitiveS
optical detectors, the spectrometer and detectors are DTO-. 

-

separated from the optical system and operated in a
controlled environment. To accomplish this separation, .APNAATOR.

a minimum of 20 m of fiber optics is presently required. MEE ," "
Second, for reasons to be discussed in conjunction with Z
the data-collection electronics, the reference fiber .TRACOR CONFUT

optic is made 20 m (z 100-ns optical transit time) DETEOR MAINTERACE
longer than the sample. The diameter of these fibers
(200 ,im) also has an impact upon system performance.
Since the CARS signals transmitted through the fibers MODC" P

lose their spatial coherence, the degree to which these cLASc

signals can be refocused upon the detectors is limited

to a minimum which is the fiber diameter, resulting in "
lowered system spectral resolution. FIG. 2. Signal-Detection and Data-Collection .

Upon exiting the optical fibers, the sample and Electronics Configuration.
reference beams are collected by fiber-optic collimators
FOC, pass through band-pass filter F3, and are focused All integrated intensity information is obtained -
in a horizontal plane by the f-number (F/5.2) matching by the coymmon photomultiplier tube and is processed in
lens L4. The parallel beams pass through the horizontal a serial fashion. This feature is made possible by a
entrance slit of an Instruments SA HR-640 spectrometer, parallel-to-serial conversion in the lO-nsec F\HM "

and their spectral contents are imaged at separate CARS optical pulses arriving at the detector. That is,
locations upon a Tracor Northern TN-1710 DARSS system since the reference fiber optic is made 20 m longer
detector head. Beam splitter BS5 directs 30% of the than the sample, the reference signal arrives at the
CARS signals into an EMI D551 photomultiplier tube PMT Z 100-nsec after the sample signal. The series of
which is employed for performing integrated intensity pulses thus formed can be amplified and is then dupli-
measurements. cated by a LeCroy Research Systems Model 428F Linear

The input-optics platform to the spectrometer FAN-OUT. The duplicated signal trains are applied to %
which contains the fiber-optic collimators FOC, filter separate analog inputs of a LeCrov 2249SC 12-Channel
F3, and lens L4 also contains a system feature which Analog-to-Digital Converter (AC). A PIN diode detector ---

584 A hardened CARS system ?, 4
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sensing the green output of the laser synchronizes the as the alignment of the slab to the optic axis or a
generation of a series of properly timed and spaced thickening of the nitrogen slab beyond 0.27 mm as the
gate signals which are applied to gate inputs on the gas exited the nozzel. For these reasons the indicated
ADC. Since each channel of the ADC must be gated into dimensions should be considered as maximum values only, % N
operation, the time of arrival of a gate pulse deter- until a more precise measurement scheme can be designed.
mines which signal of the analog input pulse train will _-

be digitized in a given ADC channel. Once the inte- LO
grated data have been digitized, they are passed via
the computer interface to MODCOMP disc storage. For
the six channels of data presently employed, the %
digitization-plus-transfer cycle is accomplished within ( 08

Z
100 Usec.

Although the system description to this point has _ ,"

been concerned with only two signals--one sample and 06*

one reference--the capability exists for up to six

different optical inputs to be integrated and digitized
in the manner described. Thus, optical inputs for up W 04
to three molecular species (three sample plus three
reference signals) can be accommodated. The likelihood <
of performing simultaneous multiple-species measurements C 0.2 %

is increased due to the factor of 1 100 increase in z
sensitivity gained by use of photomultiplier rather %

than DARSS detection. Since it is only necessary to 0 .%

employ the DARSS detector in order to obtain spectral -2.5 -2.0 -1.5 -I -05 0 0.5 I 1.5 2 25 . 1 -

information on one species (e.g., nitrogen) for tempera- RELATIVE DISTANCE ALONG BEAM AXIS(mm)
ture determination, much weaker signals will suffice to
furnish simultaneous multiple-species number-density FIG. 3. Axial Distribution of CARS Generation

information. Thus, the increased PXT sensitivity can through Sample Volume.
be employed to offset the power requirements imposed on
the additional Stokes lasers (and ultimately the Nd:YAG An indication of the CARS system capability to
laser) which must be configured into the optical system, determine molecular concentration at room temperature

is given in Table I. This table contains the results
SYSTEM-PERFORMANCE CHARACTERIZATION of nitrogen-concentration measurements (based upon

integrated-intensity data and the Ideal Gas Law) per-
A series of controlled experiments was conducted formed on a sample cell filled to 1 atm. pressure at .

in order to characterize the CARS-system measurement 294 K with the stated proportions of nitrogen in
capabilities. For this initial measurement program, oxygen. The measured concentrations represent the
the following system configuration and parameters were average of up to 10 groups of 40 single-shot concentra-
employed. Laser operation was at 10 Hz, with a l0-nsec tion determinations each. The precision of these
FWHM pulse width. A single species (nitrogen) was measurements (defined by one standard deviation)
observed to obtain simultaneous temperature and number- reflects the Z 5% shot-to-shot intensity fluctuations
density information. A folded BOXCARS optical geometry experienced in the CARS signals after normalization.
defined by an 8.7-deg. full angle between the green Although the measured concentration values in Table I
beams and the dye beam which lies at 1.5 deg. to their agree with the mixed values well within the stated

04 plane was employed to obtain near-maximum spatial margins of error, it is believed that the noticeable
resolution. An ambient-air reference, producing decrease in accuracy (defined by 1 - Imixed-measured/"
resonant nitrogen CARS signals, was used for normaliza- mixed) experienced in the 10% measurement is caused by
ton of the integrated-intensity data only (i.e., no the onset of background, non-resonant CARS contribu-
spectral normalization was employed). The spectral tions from oxygen. This effect could be reduced by
dispersion on the DARSS detector was measured to be employing a form of background reduction.

9

2.7 cm-
1
/channel, contributing to an overall system

spectral resolution of 7.2 cm
-
1. Intensifier gating of

the DARSS detector was employed for a period of 10 usec. TABLE I
The following experiment was performed in order to

characterize the spatial resolution of the system which
can be expected at operational beam-energy densities. AMBIENT-TEMPERATURE 11

2
-CONCENTRATION MEASUREMENT ACCURACY

A "slab" of nitrogen gas was formed from a 3-cm-long _ _ _ __ _ _

nozzel having a rectangular cross section of 0.27 mm x SAMPLE MIXTURE PEASURE RNT
10.9 mm. The tip of the nozzle was located 2.4 mm 1-
below the sample volume, and the slab was translated ( IN 02 + 1.51) CONCENTRATION PRECISION (_) ACIURACY.' .".
along the Optic axis through the common foci of the (%) M() (1)
CARS beams in such a way that the beams passed through
the thinnest dimension of the slab. The effect of 80 77.8 3.7 97
passing the pure nitrogen through the sample volume was
enhanced by applying a continuous purge of helium to 60 59.3 3.0 98
the focal area to remove the contribution of atmospheric 40 39.0 2.1 98
nitrogen from the measurement. The result of this 20 20.6 1.1 97
experiment is shown in Fig. 3. These data indicate 202. -19

that > 97% of the CARS signal is generated within a 2-mm 10 11.2 0.6 89
path along the optic axis. A similar data set, obtained
by rotating the nozzel 90 deg. and translating the thin Although the folded BOXCARS configuration Provides . ,

*dimension of the slab perpendicular to the optic axis excellent spatial resolution, it has the disadvantage
through the common foci, indicated that > 98% of the of being a less efficient CARS generator than planar .
signal generation is obtained within 0.8 mm. Assuming BOXCARS. The effect of this geometry upon signal
symmetry in the transverse dimensions, these numbers strength is quite pronounced at the large beam-crossing
suggest a sample volume on the order of z 1.3 mm

3
. It angles employed in this system. However, as indicated'%

is, however, important to note that these measured by the spectrum in Fig. 4 (a 2014-K spectrum with a .
dimensions, which describe the spatial resolution of + 40-K fitting error estimated from the degree to which

6 this geometry, were possibly affected by such factors a nonlinear least-squares fitting routinel could match

G. L. Switzer and L. P. Goss 585 -
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calculated spectrum to the measured data obtained in a temperature of 894 K with a standard aeviation of -

premixed propane flame), there is sufficient signal- fn,.9 K (+ 7.5%) and a mean number density of 6.12
generation capability to permit observation of the I0

' 
molecules/cm

3 
with a standard deviation of

temperatures that can be expected from the combustion + 0,54 x 1018 molecules/cm
- 
(+ 8.8%). The marginal

of most common fuels. agreement between the thermocouple and CARS temperatures

suggests the possibility of systematic error in some
measured parameter. It is believed that this error %

1.00. will be greatly reduced by refining the determination
of such parameters as the system spectral resolution
(which influences the shape of the calculated spectra);
such refinements will come about through further testing

>_ and calibration. However, by comparing the averaged: .75 " "i
quantities of the thermocouple and CARS data, a measure-
ment accuracy of z 92.6% for temperature and z 97.1% for ". "

Z number density was indicated in these preliminary

50 measurements.

2269 2282 2294 2307 2319 2332 2'344 ,"'.

FREQUENCY (c¢m"' ) .

FIG. 4. Single-Shot N2 Spectrum in Premixed - 2
roaeFlame, 201 + 0K acltd() 2 - '-

Experimental (.). - .. '

To obtain a measure of accuracy in simultaneous -
*temperature and number-density determinations, a simple .1 2

"hot-air" furnace was constructed. The furnace,
consisting of a 2.5-cm-i.d. x 20-cm-long stainless- " - ...

*steel tube, was supported above a 10-cm-long premixedI ""
propane flame and centered on the CARS sample volume.0--
The ends of the tube extended sufficiently beyond the 300 700 I100 1500 900 2300%"" "
combustion region that no combustion products (or TEMPERATUJRE (K) -'.-
effects other than temperature) would influence the.."'.

*CARS signals produced. A chromel-alumel thermocouple FIG. 6. Probability Distribution Function for _
placed within 2 mam of the sample volume indicated a Hot-Air-Furnace Temperature. --
furnace temperature of 965 K with drifts of 4_ 10 K. % .
Based upon this average temperature and assuming only ao

* /T density dependence, the nitrogen number density .52 - L
*sampled would be 5.94 10lO

8 
molecules/cm

3
. While

the thermocouple was monitoring the furnace tempera- "-.-I
ture, data for 1,000 single-shot CARS measurements were %%'
recorded. Figure 5 is an example of the single-shot '4 "
spec:tra obtained during this experiment. The pdf's 9,='

100

_j

>30

FI- 7 7rbailiy istibtioFnctonfo

0 37 • -" "

O Hot-Air-Furnace N2 Density. " .
2270 2282 2294 2307 2N19 2332 2344

FREQUENCY (cm "1) CONCLUSIONS

FIG. 5. N2 Spectrum from Hot-Air Furnace, The ability of the hardened CARS optical diagnostic%

980 F+ 35 K. Calculated (-), Experimental (.). system described here to perform simultaneous tempera-

ture and number-density measurements on a single gas"
developed from these 1,000 samples for furnace te- species with a high degree of spatial and temporal
perature and number density are shown in Figs. 6 and 7, resolution has been demonstrated in the laboratory.
respectively. They indicate a CARS-derived mean System performance obtained during these measurements
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simultaneous multiple-species CARS information in the M. D. Swords, "CARS Measurements in an Internal
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The completed two-species hardened system was installed in the combustor test

facility, and a checkout and measurement program was carried out. During sys-

tem checkout in the tunnel, problems with thermally induced drifting in the

Quanta-Ray Nd:YAG laser Q-switch and harmonic generator as well as with tunnel

window damage caused by the high-power-density laser beams were encountered

and corrected. After successful demonstration of system operation during the

checkout phase, the hardened system was employed to profile the combustion

environment at distances greater than 40 cm downstream of the bluff-body com-

bustor. Although CARS temperature information obtained as a result of these

measurements compared quite favorably with thermocouple data, the concentra-

tion data obtained with the CARS system were found to be unreliable.

The capability of obtaining flame luminosity data simultaneously with the CARS

data was added to the hardened system, and another series of measurements was

performed. The experiments performed during both of these programs and the

results obtained are reported in a paper entitled, "Simultaneous CARS and

Luminosity Measurements in a Bluff-Body Combustor," which follows.

I.
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Abstract downstream of the recirculation zone. These

structures, denoted as flame turbules, are islands
High-speed cin4 pictures of a diffusion flame of flame surrounded by noncombusting regions and are

stabilized by an axisymmetric, dudted bluff-body believed to be he result of vortex shedding from
research combustor show that large-scale flame the bluff-body.' Flame luminosity-vs-time records

structures are formed downstream of the recircula- have been used for studing the dynamic characteris-

tion zone. These flame structures, referred to as tics of these turbules
4 
and as a condition for sam-

flame turbules, are separated axially by non- pling velocity data collected with a laser Doppler

luminous regions. Results of simultaneous tem- anemometer (LDA).
6  

The conditionally sampled data 4.

perature and flame-luminosity measurements in the show that the mean axial velocity is significantly %
region of these flame turbules are reported. Trhe higher in the flame turbules than in the nonluminous

coherent anti-Stokes Raman spectroscopy (CARS) regions. Experiments conducted with a small labora-

technique was used to make time and spatially tory Meeker burner have demonstrated a technique

resolved temperature measurements. Flame lumino- which employs flame luminosity for conditional sam-

sity, along the line of sight passing through tile pling of CARS data.
7 

The feasibility of using flame .- r
CARS sampling volume, was recorded for each CARS luminosity as a condition for sampling CARS tempera-

measurement and used as a condition for sampling ture data taken in the research combustor downstream

the CARS data. The characteristics of the flame of the recirculation zone is examined in this paper. %

turbules are interpreted in terms of the tempera- Also, the temperature pdf's at different axial and

ture probability distribution function (pdf). radial locations downstream of the recirculation

Temperature pdf's obtained at different axial and zone are presented along with pdf's obtained under

radial locations downstream of the recirculating different air- and fuel-flow conditions of the com-

zone and for different air- and fuel-flow rates are buster.

also presented. X..% .%>
IntroductionoExperimental Set-Up

Combustion-Tunnel Facility

The Air Force Wright Aeronautical Laboratories/
Aero Propulsion Laboratory is sponsoring a research A schematic diagram of the axisymmetric bluff- ,,,

program directed toward experimental evaluation centerbody research combustor in the combustion

and theoretical development of combustion models.
1  

tunnel is shown in Fig. 1. The centerbody is 79 cm '. ' -
As part of this program, a large-scale research long and has a diameter (D) of 14 cm. Gaseous

combustor has been developed which has a simple
geometry and clean inlet conditions for modeling,
provides good measurement access to the combustion HONEYCOMB

zones, and yet has some of the features of practi- PHOTOOETECTOR SCREEN --

cal combustion devices. Both conventional probes W3 WI (DIAM)\

and advanced laser techniques are being developed -. I
to study combustion processes in this combustor. . -

." Experiments conducted early in this program with a F O,
-" ruby-laser-based collinear optical system operating -- - -_j 4 - - - u ,.-.

at 1 Hz demonstrated the ability of a CARS system - /l

to operate in the hostile environment of the F

research combustor.2,3 These initial experiments TURBULES -LENS /

also demonstrated the need to improve the spatial CARS "-*RBEFUEL ".".1
resolution of the CARS system and to increase the BEAMSFU

repetition rate of the measurements. This paper--'
reports the results of initial checkout tests in

the research combustor of a second-generation CARS
system which has both an improved spatial resolution PHOTODETECTOR Wl p"
and a higher repetition rate. The time-averaged ",

results of instantaneous CARS temperature measure- - -W3
ments are compared with results obtained with a * _ CARS
thermocouple in a parabolic flow region which was OP- --- Op-AL
believed to be unperturbed by the presence of the AXIS
thermocouple. Y

The flame in the research combustor is stabi-

lized by the recirculation zone established by the Z
bluff-body face of the combustor. High-speed cin Fly or I.s Se Lt ii,'r~im of the Combutor ad
pictures Sho0w that large flame structLures occur tno (,,t icil Con: '.kra i ,n l'sed to Mikc

• Wojrk supporte-d-Tin-part by USAF Contract and ill ,0,5 F C . n i t \ and IARS- '.
, F3315-80-2054. % r ,tor Mhsurrm'nt .

This paper is declared a work of the U.S. -_
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propane fuel is injected from the center of the for these measurements to obtain simultaneous ten-

bluff-body face through a 4.8-mm-diam. nozzle. The perature and N2- and 02 -concentration data. Two dye
annular air is conditioned using a honeycomb flow lasers, consisting of flowing dye cells DC1 and DC2
straightener and screens. The centerbody is mounted and their associated dichroic mirrors (DM1-4), . /

in a 25.4-cm-diam. duct containing 30.5 by 7.6 cm produce the broadband (150 cm
-1 

FWHM) Stokes radia-
viewing ports which provide optical and conventional tion for N2 and 02, respectively. These two beams -e
probe access to combustion regions. Additional are combined with two equal-intensity beams of the

information on the combustion tunnel facility is 532-nm pump radiation, and the four beams are
given in Ref. 1. elevated via periscope P2. The CARS beams are then .,

directed to form a folded BOXCARS geometry in which
Thermocouple Description the pump beams converge at a full angle of = 6 deg. I

and the N 2 and 02 Stokes beams converge with full N ,-
Average flame temperatures were measured by a angles of 1.5 deg. and 0.5 deg., respectively, from %

shielded thermocouple probe for which the radiation the plane containing the pump beams. Anti-Stokes
losses (at the indicated temperatures) were assumed signals for both gas species are produced in the
to be negligible. The thermocouple probe was sample volume and also in a resonant CARS reference
mounted vertically through a special slide arrange- cell containing a mixture of N2 and 02. These J.'

ment located on the top of the duct. This permitted reference signals are used for laser-power normali- %..-
access to axial regions covered by window W3 in zation. Sample and reference anti-Stokes signals %
Fig. 1 without causing significant disturbance in are isolated by dispersing prisms SDP and RDP,

the flow. The probe housing is water cooled and respectively, and de-elevated by periscopes P4 and
has an outside diameter of 6.35 mm. The platinum P3. The two pairs of signals are then focused into
sensing head of the probe is made in the form of a 200-wm-diam. fiber-optic transmission lines by the
T which is rotated on its side, with the base of sample- and reference-collection optics SC and RC.

the T pointing upstream. A Type-R thermocouple is

contained in a 4.76-mm-diam. shield that forms the The four CARS signals are transmitted through
base of the T. The shield is open on the upstream separate fiber-optic delay lines of varying lengths .
end, and bleed holes are provided downstream of the to a remotely situated spectrometer where each is

thermocouple junction to allow the gas to pass detected and analyzed for spectral content by a
between the thermocouple and the shield. The diode array rapid scan spectrometer (DARSS) Reticon

T-shape design of the sensing head was adopted detector and for integrated intensity by a photo-
after experience showed that it tended to reduce multiplier. In addition to the four beams trans-

the flow-interference effects of the probe. The mitted by the fiber optics, two beams are generated
Instrument Development Group at NASA Lewis Research as a result of splits of 1% and I0% of the N2 sample
Center designed and fabricated the probe using beam before it enters the spectrometer. These two
criteria derived from Ref. 8. beams plus the remaining 89% of the N2 sample CARS .

signal form the basis of a scheme to expand the
CARS System Description dynamic range of the DARSS to the level necessary to

accommodate the large signal fluctuation encounted
Optical Configuration in a dynamic environment.

1 1 The combined effects of J

the fiber-optic core diameter, the 1200 grooves/mm Z

The CARS system is based upon a frequency- spectrometer grating, and the 50-um interchannel
doubled neodymium-YAG laser operating at a 10-Hz spacing of the DARSS construction contribute to a
repetition rate and in a folded BOXCARS

9 
optical DARSS dispersion of 2.6 cm-lchannel and an overall

geometry. This combination allows high temporal system resolution of 7.5 cmn aWr.

[lO-ns full width half maximum (FWHM)] and spatial V

(< 1 mm
3
) measurement resolution within the combus- Data-Collection Electronics

ting medium. A detailed description of the basic
optical configuration and design features of this Once the sample and reference CARS optical sig-
system can be found elsewhere.

1 0 
Figure 2 is the nats have been converted by the detectors, the data e_

optical schematic of the CARS system as configured are collected and stored for subsequent analysis by

the data-collection electronics outlined in Fig. 3.

3 12 853 The spectral information obtained by the DARSS is
........-I" " " p3 digitized by the Tracor- Northern 1710 Multichannel

P3I5RIP Analyzer System. A single photomultiplier and gated
S a'; analog-to-digital conversion provide integrated

I intensity information for each of the four CARS ' "'

L signals generated.

I t

IDC Ocu604

Figure 2. CARS lOptical-System Schematic. Elctoic.onigrtin
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D:ia. a '_ t. :4p.- e ',,uired lor ,ot muous 1O-kHz dat, .. 

sition, windowed-emision data col.ction was W1
The N2 spectral information sto. during :icqui- employed during most of this study. This mode oi

sition is reduced with the aid of a computer pro- operation enabled emission-data acquisition only
gram to arrive at a "best-fit" temperature. The duriag a 5-ms window which opened symmetrically
reduction program incorporates a nonlinear least- about the CARS measurement event and resulted in a

squares fitting routine which iteratively adjusts factor-of-200 reduction in necessary disk storage
the frequency and temperature estimate of the space, thus allowing large sample sizes without
experimental spectrum by comparing it to precalcu- sacrificing data pertinent to conditional sampling.

lated spectra from a library of N2 spectra produced The correlation between a given CARS measurement 7

at various temperatures. Three such best-fit and the luminous emission during that measurement
single-shot temperatures, representing three dis- was accomplished through the laser-shot counter/
tinct ranges of temperatures encountered during the event marker. That is, although the CARS and
reported measurements, are illustrated in Fig. 4. luminositv data-acquisition cycles proceed asyn-
Once the temperature determination has been made, chronously, they are initiated from a common manual

the integrated intensities of the N2 and 02 CARS command. From the commencement of acquisition,
signals can be used to determine the concentration v;ynchronization of a CARS measurement to the
of these species present during the measuremeui coincident emission is accomplished through the .."n
pulse. However, for the purpose of this study, laser-shot counter contained in each data stream. '

concentration measurements were not made. .'* -

1.0
1918K±7K One of the difficulties in interpreting the

, -- 1918K + 7K .minosity data was the determination of the signal
\1382K 7K 1 level which represents the base line or zero flame

0.8 - 608K ± 5K cmis.i ion. Depending upon such factors as amplifier
gain, filter bandwidth, and the amount of scattered
light, the photodiode base-line signal varied from

*- 0.6 I ~ 0 to 200 counts of the 999-count range of the/ three-digit BCD emission word. For the purpose of .-.
\ the conditional sampling of data presented in this

I- paper, the dividing line between the presence and
Z 0.4 I/absence of flame was defined as the percentage of

tle maximum value of recorded emission above which t -
0.2\/ I the density of emission values decreased uniformly

0.2 throughout tie spectrum of observed temperatures.

co 
-

- T est Conditions

* ~0.0 --
2270 2285 2300 2315 2330 2345 Experiments were conducted with the combustor

operating under the various air- and fuel-flow
conditions given in Tables I and 11, respectively.

Figure 4. Best-Fit Temperature Results for Three The annulus-air and fuel-exit velocities for each
Single-Shot N2 Spectra. Experimental experiment are given in the Results and Discussion -
Data (-). Section. The combustor was operated at an ambient

pressure o' 0.98 bars. Measurements to determine e.
Luminos i ty-Da ta-Collec tion System .

Table I.
The luminous emissions from the cumbusting gases Arl Coi n

were monitored through the use of an EG&G UV-100B

photodiode. As indicated in Fig. 1, tane diode, a
collecting lens, and a field stop were positioned Air inlet Ann. Duct Air

normal to the CARS optical axis and approximately Flow Temp. Vel. Vel. Rc. No.*

10 cm above the sampled volume. Thi:s configuration (kg/s) (K) (m's) (m/s) I(- 
5
)

collected light emitted from within a 1.1-deg. half- 0.50 2 4 1.6 8.2 0.76
angle cone of view, resulting in a cr.-s sectional 1.00 294 23.3 16.4 1.-2
diameter of 9 mm at the sample point. 1.50 294 34.9 24.6 2 7 777

2.00 294 46.6 32.8 3.02
Signals from the photodetector were amplified

and selectively filtered by bandposs filters *Calcni).itd ising u~ict velocity ,nd centerbody

ranging in value from 100 HZ to 100 kHz. The diameter.
amplified signal was digitized by a 0 to 10 V,
12-bit binary-coded-decimal (BCD), analog-to- Tahle I.
digital converter being cycled at i 0-I-Isz rate by
a free-running pulse generator. Lach digit izatlion Fu,1-Flow Condit ions -

of luminous intensity was atcompanied by a 16-bit
computer word containing the output of a 12-bit ri Inlet Fuel Fuel Tube
binary counter, which maintains a count of the CARS 1.'A, Temp. Vel. Re. No.

laser pulses, plus two additional hits--one to (k,, " (Kj (m/s) (- 10')
identify the word as a "count" word -nd tie other 6.0 400 69.6 4.20
to mark the "event" o CARS measurement. The 8 ,2 391 91.0 5.71

collection . lumino::;:, . and laser shot number 10.0 382 :10.8 7.29
was accompli. ed ron n-... isl-, -o yield a time his- .0 378 41.4 9.50,-"
tory of flame 1umino.,L (so, ig. 8). However, i; 366 168.1 11.9

order to reduce the lir)e an' 'ait of disk storage

".-J,



the optimum sample size for the combustion environ- 250 .
ments examined indicated that although the average +

*" of the temperatures measured did not change signifi-
cantly after 500 samples, their pdf's became stable 1200 -

- only after approximately 1500 samples. Thus, the
CARS data presented are the result of more than 1500 1150 - +
individual measurements.

Results and Discussion - 1100
Whl

Comparison of CARS and Thermocouple Measurements n 1050

To establish the reliability of the CARS tempera- W 1000
ture measurements, comparisons were made between C.

the CARS and thermocouple-derived radial and axial +
temperature profiles. Figure 5 presents a compari- 950 +
son (at an axial position of Z/D 2.86) of the

900 G CARS (D +

80 + PROBE +
1300 850.

1200 0 800
G 0 2.60 3.00 3.40 3.80 420 4.60 5.00
+ + + AXIAL POSITION (Z/D)

11.-.1 1D
.,,P +

1000 + Figure 6. Comparisons of CARS and Thermocouple ,*
+".E) Centerline Axial Temperature Profiles for

w 900 4 an Annulus-Air Velocity of 23.3 m/s and
M + a Fuel-Exit Velocity of 69.6 m/s.

D + . .

S800
+ +

WMo 700 many non-recirculating combusting flows. Unfortu-
+ + nately, such profiles do not provide clear insight
+ + into the underlying, more basic dynamic processes

% 600- CARS that give rise to the time-averaged results. A view
+ + of the dynamic process responsible for the time-

300 + PROBE averaged profiles is shown in the high-speed cin.
pictures in Fig. 7. The color cin4 pictures were

400 + + made at a rate of 500 frames/s; however, only every
other frame is presented in the figure to illustrate
the pertinent flame structures. The recirculation

--060 -0.40 -0.20 0.00 0.20 0.40 0.60 zone established behind the bluff-body was confinedto the region viewed through window W1 (see Fig. 1).
RADIAL POSITION (Y/D),Z-4Ocm The time-averaged temperature profiles in Figs. 5 ,

and 6 were made downstream of the recirculation zone

Figure 5. Comparisons of CARS and Thermocouple in the region viewed through window W3. This region
Radial Temperature Profiles at an Axial was characterized by large flame structures (flame
Location of 40 cm (2.86D) for an Annulus- turbules) as shown between locations 3D and 5D in "':

' Air Velocity of 23.3 m/s and a Fuel-Exit Fig. 7(k) and small flame structures as at 3D in
Velocity of 69.6 m/s. Fig. 7(f). The large structures can maintain their

identity over many centerbody diameters downstream.
averag.e CAKS temperature profile obtained along an The bright part of the flame was due to blackbody
X-axis radial scan and the average thermocouple- radiation of soot particles which show up on the
indicated temperature profile obtained on a Y-axis color photographs as yellow. Sometimes, blue
radial scan. This plot indicates not only that the flames, which were free of soot particles, were
temperatures obtained by the two methods agree, observed in Window W3. Such small blue-flame
well withni an anticipated 10% precision of the structures exist at the axial locations 3D and 4D in
CARS measurements in the indicated temperature the original color photographs for Figs. 7(a) and
range, but also that the combustion process is 7(b), but they are barely noticeable on the black-
proceeding on a time-averaged basis symmetrically and-white frames. Careful study of the high-speed
about ttie tunnel axis. The centerline average- cin6 pictures shows that the flame turbules formed
temperature profiles compared in Fig. 6 also show downstream of the recirculation zone were of'en the %

, quite good agreement between the two methods. direct result of toroidal vortices being shed from
the bluff-body.5  At times, the flame turbules were

Cin6 Pictures actually shed vortices that had picked up burning

ture given in Figs. 5 and 6 are well-behaved func- temperatures obtained in this flame are the result
S. tions and appear to be similar to those measured in of a combination of various-size flame structures
S. and the interconnecting noncombusting regior: which P %""

alternately pass through the measurement location.
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1709 K ±40K 5900

600%

200
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I0 128 256 384 512 640 768 896 1024

SAMPLE NUMBER

Figure 8. Continuously Sampled (l0-kHz) Flame-
Luminosity Data at an Axial Location of

40 cm (2.86D) for an Annulus-Air Velocity

of 23.3 m/s and a Fuel-Exit Velocity of .4

69.6 m/s. The labled marker indicates a

CARS measurement event.

regions between the flame turbules are clearly evi-
dent from the constant voltage regions between the

pulses. It should be noted that although the spec-

tral sensitivity of the photodiode extends from 350 - '
to 1000 nm, it is possible that comparatively low

intensity emmision (e.g., blue flame) could be indis-
I I I tinguishable from the background-emission noise

level. The different time widths noted in Fig. 8

are due to the different sizes or velocities of the

turbules. The high-frequency fluctuations riding on t,
some of the pulses may be due to the small flame -A

I ~ Iistructures shown in Figs. 7(e) to 7(g). These small
structures are close together and are moving with
the same velocity as the larger flame turbule, thus

possibly producing high-frequency luminosity fluctua-
O=tions, .. '

PDF Variation with Axial Location %-r

A Lagrangian description of the dynamic processes

I I shown in Fig. 7 seems appropriate in that the down-
stream motion of the flame and nonflame regions can
be tracked over rather large distances. However,

thermocouple, flame-luminosity, and CARS devices

provide an Eulerian description of the processes

oI since they record events as they are convected past
a stationary measurement point. The interpretation

of the Eulerian-type measurements in terms of the a a' S

Lagrangian-type processes is not always straight-

forward and can often be confusing. For example,
without the aid of the cind pictures in Fig. 7,

which provide a Lagrangian view of the flow, it

would be difficult to envision the probable cause
Figure 7. High-Speed (500 Frames/s) Cind Photo- of the high-frequency fluctuations noted in Fig. 8. %--

graphs of the Flame for an Annulus-Air Conditional sampling can potentially aid in this %%,v

Velocity of 23.3 m/s and a Fuel-Exit interpretation by identifying Eulerian-type data
Velocity of 69.6 m/s. Alternate frames that result from certain specific Lagrangian-type "
are shown, events. It is easy to envision from Fig. 8 that CARS ..

measurements made in the flame turbules can be dis- .
Flame Luminosity tinguished from those made in the non-luminous ,%.,

regions. Such a distinction can aid in obtaining -
Figure 8 is an intensity-vs-time trace of flame a Lagrangian description of the dynamic processes I..

luminosity recorded at an axial location of 40 cm responsible for the time-averaged temperature pro- %
(2.86D) by the emission photodiode. The temporal files given in Figs. 5 and 6.
relation of the CARS measurement event and flame

" luminosity is indicated by the marker within this An experiment was conducted to: (1) determine how
102.4-ms emission data sample. A flame turbule can the temperature pdf's changed with axial location

be identified by the electrical pulse that is pro- and (2) to examine the potential value of using
% duced as the turbule is convected past the field- flame luminosity for conditional sampling of the

of-view of the photodetector. The non-luminous CARS data. The combustor operating conditions were
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the same as those under which the time-averaged measurements in Figs. 9(a), 10(a). and 11(a) which
axial temperature profiIe data in Fig. 6 were taken. were made under the same test coneitions. The,, ~The results from this experiment ir,, shown in average temperature from these three repeat measure-"#,.%

Fig. 9. The CARS temperature measurements were ments was 1289 K to a precision of + 67 K. The stan- ,
made on the combustor centerline at axial locations dard deviation in the average temperatures indicated
of 40 cm (2.860), 50 cm (3.57D), and 60 cm (4.29D). in all figures is representative of the dynamic
The CARS dat, in Figs. 9(a) and 9(c) were condi- nature of the flames studied.
tionally sampled using simultaneous flame-luminosity
measurements as previously described in the section Some background information is needed before dis-

entitled, "Luminosity - Data Collection System." cussing the temperature pdf's. The pdf's can be
The pdf's of the CARS temperature data taken when thought of as representing the fraction of time that
the flame turbules were present as well as those different temperature intervals exist at the measure-
taken in the non-luminous regions are presented in ment point within the combusting flow, with the tem-

these figures. The reproducibility of the pdf's perature interval or bin width being chosen to corre-
can be noted by comparing three different sets of spond to the uncertainty in the CARS temperature

measurements. The bimodal shape of the pdf's pre-

sented in this paper suggests that at least two
0.25 POSITION (P)(XYZ)- 0,0, 40cm Lagrangian-type processes are occurring in the flow.

AVG. TEMPiT) - 1360K ±60OK The cind films suggest that these two modes corre-

TOTAL TEMP PO T spond to the convection of the flame turbules and % e
0.20 .. NON-LUMINOUS COMPONENT the non-luminous regions through the measurement

-- LUMINOUS COMPONENT volume. These events will be referred to as the hot

and cold modes. For all pdf's presented in this
0.15 paper, it appears that the hot mode is characterized

by a temperature of 1100 K and above and the cold

mode by temperatures below 1100 K. Using this crn-
0.10 tenlon, the fraction of time which the flow spends

in the hot mode can be calculated by summing up the
.0 probabilities of having temperatures of 1100 K and
0.05 above. The fraction of the time during which the

cold mode exists can be calculated in a similar way.

O.-- Of course, the sum of the two time fractions must
be 1.0.

0.25

P- 0.050cm The axial profile in Fig. 6 shows that the ave-
T- IOOK ±595K rage centerline temperature decreases with increas-

0.20 - ing axial location. The pdf's in Fig. 9 give some

insight into the processes responsible for this

effect. Inspection of Fig. 9 shows that the cold
0.15 b) mode always peaks at 300 K, whereas the hot-mode

in peak--or, more appropriately, the hot-mode average
a temperature--shifts to somewhat lower values farther
0 O O0 downstream. Also, the fraction of time that the hot

mode exists decreases with increasing axial location.

Thus, the axial decay in average temperature is the
0.05 combined effect of the decrease in the hot-mode tem-

perature and in the fraction of time during which
these temperatures exist. This implies that cold

0.00 air is being entrained and mixed with products within

0.25 the flame turbules as they move downstream, thus

P- 0.,0. 60cm lowering the average temperature in the turbule.
T- 945K ±557K Also, some of the flame turbules burn out or the

0.20 reactions are quenched as they move downstream, thus
reducing the fraction of time during which the hotter

temperatures exist. It should also be noted that the
OS (C) average temperature occurs in the trough between the

lint and cold modes, indicating that the flow field

is actually at this temperatu-e a small (loss than
0.10 I 3%) fraction ot the time.

The conditionally sampled data in Figs. 9(a) and

0.05 \ 9(c) provide some additional insight into the
dynamic processes responsible for the time-averaged

N/temperatures. Although it is genrallv true that

0.00 when the flame is present, the temperatures are in
300 600 900 1200 1500 1800 2100 2400 the hot mode and when tiLe flame is absent, the tem-

TEMPERATURE (K) perattires are in thie cold mode, this is not always
the case. The conditionally sampled data in Fig. 9

Figure 9. Conditionally Sampled Axial Temperature show that at times, no flame is present but the
PDF's for an Annulus-Air Velocity of temperatures are in the hot mode, and at other times,

23.3 m/s and a Fuel-Exit Velocity of flame Is present but the temperatures are in the
69.6 m/s at Axial Locations of (a) cold mode. This apparent anomaly is undoubtedly
40 cm (2.86D), (b) 50 cm (3.57D), and due, in part, to the fact that the flame luminosity
(c) 60 cm (4.29D). can be detected it any location along the line-of-

sight of the photodetector, whereas the CARS
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% ~measurement is made at a point ontairiud within the
field-of-view of the detector. With ttnis in mind,02
some explanations of the conditionally sampled data
can be offered--but unfortunately cannot be verified. POSITION (P) - 0. 0, 40cmP%

0.20 AV.TEMPiT) - 1228K t 614K

The conditionally sampled data suggest that the

hot mode is composed of at least two types of0.()
events, one corresponding to the presence of flame
and the other to the absence of flame. The hot

mode which is associated with the non-luminous%
regions peaks at about 1500 K in both Figs. 9(a) 01I and 9(c). This mode is believed to be caused by
the hot product gases from a flame turbule that 0.05
have consumed all or almost all of the fuel just

- prior to passing through the measurement location.
File width of tile hot mode associated withI tile 0.00 1
nonluminous events is believed to be detLerminied by 025
the time available for mixing bt.fore the product
.'ases pass through the measurement location.I

positivel long mixing times could account for the P - -2.0, 40 cm-
poiieskewness of the cold, nun-luminous mode. 0.20 T - 1085K ±t598Kp The width olfie lot mode, associaited with measure-

ments taken when the f lame was present, suggests 0.15 (b)
tnat the large flame turbules may consist of

A, saller packets of burning fuel separated by non-
reacting regions of product gases And entrained 0

z 0.10
air. The degree of mixing between hle on trained (
air and thle product gases within a I lame turbule

cc~lda'cli tfor tl 'oddistr ibut ion of thle hot
Smouce an-4 rte !istribution in Lhe Cold Mode sso- 0.05

ciated with the flame measurements. 00

if -____________________000_
PDF Variation with Radial Location

0.25

Yigure 10 !;iows pdf's obtainied at X locations ofr%,

ii cm, -2 cm, and -4 cm at an axial location of 40 P - -4, 0. 40cm

same as those in which the tire-averaged radial
profile data in Fig,. 5 were collcted. These pdf'sC

% ~have a verv similar bimodal shape to tiose obtaiined 0.5 (C
at various axial st.1t ions. In taict, mucllh o1 tile
previous discussion with refertnce L-i Fii' 9 seems I

-tol ipplv to Fig. 10. The ave rag'e tv'llt'l t."O is 0.10

I octo lu'twecli tile toL and Cold motde,, and LteI

low field I,, at this tcaperatiar. oakY a small

Ira't ion o: tre time. hec dec relse in avere ( tem- 005

ecature with illcret2t;iig radius tppe~it Ir- 1o- pr i- IllL ..
-. manlyI due t o , d ecr ea s;e i n tc1 -i rac th~ 'io iime d un r Iii-l

irlog wilicn the hot mode is presenr o .s i f t i rg of 0,001 - I f l nt % %

the ;iot-mode .. ,tribut ,on to sii tlv lowe r tennenea- 300 600 900 1200 1500 1800 2100 2400

*tore., takes P1c a( :s thle radius i lrt e ,d, but TEMPERATURE (K) %
this appear, to be at secondary effect. 11h.... pdf'%

sest t i Ol t ra lament anld mixinig dec re rie

IlInIL. i- distribution .11 tile col-d-mode lemperi- V 10c I. LV 1 . i M,'.; ond a Ftltl-lLit
t ures cc: leelts tile vari;OUS deyree. ai x in o!VI ", itlo %,i o iF 9i. k In, f or an \Xial
;lr-!ucLW. .1110 1 nttr:iiaed airl thati ilIV. takeln Idatce II I .8b] itI) 111d Rmimil (X)

prior toterp sn hogitlie mv~l~uren.,,L I locatLions 1* 0ii 0.0 ma, (b) -2.11 t:n
v o I o.'. (0. 1411) In ) .. cm (0.2861)).

O Vaitilswitlh Air- -and _FUVe-ll'w. kitesh well as shii ts to higi-er tI-tr.11lraLurls withijcreas-
ing' fuel-flow rat oTI ill-roast, in fl:l-f low rate L

5,Figrc 11 S-Icws how the temperature pdl 's ch1 anget does, not apprec iably liange the f r:lct io 11of tLIM(
with filelI-I 1(1w rate at a fixed axial 10Loat ion anid a during whlich unmlixed inlet iir is; pre-sent. Hlowever

A fixed air-f low rate. Tile shladed regions; represent toe degree of mixing and heat l"itfusion is signifi-
tile temperature distribuitions in tile abse1nce of cn yrdcda h ulf wrt sicesd

Fflare . Till bimodal structure' is atpparenlt for each as Indicated by thle Increase'd proba-bilities of tile
of thle titree Inc I-f low ratei. Tile derease ill tile cold-mode temperatures o1 l~t tLl~ thle 300-K bill.
standard deviations with illert-,sing ful-Ills rate
is a resl t of tilt irc reasc ill tile hot-mode root ri- Tile fran tion of time dhurinag, ibiit Ileit air is

btion of tile pdf's, whereby tile tot mode becomes present is greatly increased when the air-flo nat,

more like a single mode, lit. noll-luminouse ontri- is increased. This is showni in Fig. 12 b%- not inlg
biol to thle hlot mode incre~ll.es in mago itude as the fract ion of the time doria1 ' whichl combulstor
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LL, ..'

inliLc tCMp,'r.'Lt.ir- (300,-, )in) are- present tr the **
020 f,, r .... c ..... .,ir-ti.,w rate. . It is aIso evide,,t'..

t11 le n- 1Lmin[ou )t ribii iIon to the 300-K
FUEL FLOW (FF)- 6 kg/hr

0.16 AVG.TEMP (T) - 1279Kf27K peak al- increases signi:icantly with increasing

- TOTAL TEMP POF air-tlow rate. A factor-of-four increase in air-

__ - NON-LUMINOUS COMPONENT flow rate results in a factor-of-two decrease in
average temperature. This is primarily due to th,

0.12 (a) increase in entrained cold air and the increase in

the cold air mixing with products, as indicated by
the increased probabilities of the other cold-mode

0.08 temperatures. The temperature fluctuations increase

- as the air-flow rate increases from 0.5 to 1.5 kg/s

because the distribution becomes more bimodal; how-
0.04 ever, as the air-flow rate continues to increase,

the cold mode dominates and the temperature fluctua-

tions decrease. A surprising feature is that the
hot-mode distribution becomes more uniform as the

0.20 air-flow rate increases. The cause is not under-
stood, but it is probably related to changes in the

FF - 8kg/hr internal structure of the flame turbules.
0.16 T - 1478K ±591K I -_

A comparison of Fig. 12(d) and Fig. 13 shows how %

the pdf's change with increasing fuel-flow rate at , '
0.12 W() an air-flow rate of 2 kg/s. Trends similar to those .1,.

noted in the discussion of Fig. 11 are observed.
The average temperature increased with increasing

0.08 fuel-flow rate, and the temperature fluctuations *. % -

decreased slightly. The 300-K peak does not change,
whereas the probabilities for the other cold-mode

0.04 temperature decrease with increasing fuel-flow rate. '
.

This indicates that the degree of mixing is reduced. -_- 0 , ..- .
*m 0.00 'Summary and Conclusions
O0. %X The feasibility of using a BOXCARS-configured

FF- 0~kg/hr CARS system for making instantaneous (l0-ns) tem-

0.16 T - 1472K t5599 perature measurements at a point (I mm
3
) at a rate

of 10 Hz in a large-scale research combustor has

been demonstrated. CARS measurements of axial and
0.12 radial temperature profiles in a highly sooting

flame compared favorably with profiles measured with
a Type-R shielded thermocouple probe. The CARS

0.08 system was also used to investigate the dynamic
processes in the bluff-body, turbulent diffusion

flame which are responsible for the time-averaged

0.04 . temperature profiles. High-speed cind pictures

suggest that the average temperature results from_ 7 . tile convection of large flame structures and non-
0.0 luminous regions past the measurement point. %.'.

020 Flame-luminosity measurements made simultaneously
with the CARS temperature measurements were used to

Ft - 13kg/hr distinguish the CARS data taken within the flame
0.16 T - 1498K ±509K structures from those taken in the non-luminous

regions. The temperature pdf's determined at

different axial and radiial locations for different

012 (d) air- and fuel-flow rates were bimodal. The cold .
mode peaked at the combustor inlet temperature .*

(300 K), and the hot mode was distributed between

1100 and 2200 K. The conditionailly sampled data
showed that both the hot and cold modes could be

resolved into two additional modes, one consisting
004 or temperature.. measured in Lhe presence of flame

and the other consisting of temperatures measured in

the absence of flame. However, it is generally true ,000 .. . . iJ:that the hot mode 1, dominated by those temperatures

300 600 900 j200 1500 1800 2100 24() measured in the presence of flame and that the cold e %

TEMPERATURE (K) mode is made up predominantiv of temperatures .',

measured when the flame is not present. The results

of this study show that the CARS technique is a

Figure Ii. tonjitional>. SlnpltL I cmprature PDF's valuable tool for studying dynamic combustion, -

at a Radial l.oition of 0.0 cm and processes and that conditional sampling of the CARS

,xial Lov.tion of 40 cm (2.86D) for an data using flame luminosity enhances its value.

A.nulus-Air Vei ,ity of 23.3 m/-,; and p

Fue l-Fxit \VelCuiLies Of (a) 69.6 m/s,
(b) 91.0 m/,;, (c) Cl0.d, (d) 141.4 m/s.
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.9 AIR FLOW (AF) - 0.5 kg/s
AVG. TEMP (T) - 1580 K ±427K

024 I=1 - TOTAL TEMP. PDF 0.24
E3- NON-LUMINOUS COMPONENT

0.181 (a) ~ 01

0.12 OD 01

a-,

0.06. 0.06

/ , %,.

0.00 00- 60 90 10

0,30 .300 60 90 10 1500 1800 2100 2400
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AF - 1.0 kg/s

*0.24 T - 1498K ±509K

Figure 13. Temperature ('DF at a Radial Location
of 0.0 cm and Axial Location of 40 cm

0.18 (b)(2.86D) for an Anoulas-Air Velocity of
46.6 m/s, a Fuel-Exit Velocity of
168.1 m/s, and an Average Temperature

0.12 of 876 K + 587 K.
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Considerable effort was expended to determine the cause of the difficulty in --

obtaining proper species-concentration data. The result of this effort was

the identification of a severe beam-steering effect which is created by the

thermally induced index-of-refraction gradients present in the large turbulent _...

combusting medium. This phenomenon influences the CARS signal strength in two

ways. First, it causes relative beam steering and defocusing of the three

(single species) or four (two species) laser beams entering the CARS sample

volume, thus affecting the amount of CARS signal produced. Secondly, the CARS

signals produced in the sampled volume are steered through the remainder of

the flame diameter before exiting the test tunnel. The subsequent beam steer- .-

ing can cause a portion of the CARS signal to be deflected out of the accept-

ance angle of the 200-pm-diam. optical-fiber pickup. Efforts to reduce the

degree of beam steering experienced going into the sample volume included

changing optical geometries from folded BOXCARS to planar BOXCARS to USED CARS

(i.e., more collinear). These experiments yielded no significant improvement

in concentration determination, with an addition of lowered spatial-volume

resolution. Since no convenient method of correcting or compensating for the

beam-steering problem could be implemented, the decision was made that, tempo-

, rarily, less emphasis would be placed upon concentration measurements and that

temperature profiling in the flame should continue.

A final measurement program was undertaken to provide CARS-temperature mapping

of the fuel-rich near-wake region of the bluff-body combustor. The resulting

CARS-temperature pdf map is presented in Fig. 26. During this program two

very significant problems were identified. The first of these involved the ..

error in the CARS temperature determination which was induced by the large

nonresonant CARS background signal which was being generated from unburnt

fuel. This problem was solved by employing a software scheme to compensate

264 . ._
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for background contributions during theoretical spectra development. The

second problem identified in this region of the flame was related to the

accuracy of the thermocouple probe data in the highly recirculating-flow

field. It was found that the shape, size, and orientation of probe geometries

could have a profound effect upon indicated temperatures. A description of

the measurements and results of this program are contained in a paper enti-

tled, "CARS Measurements in the Near-Wake Region of an Axisymmetric Bluff-Body

Combustor," which follows.

2
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CARS MEASUREMENTS IN THE NEAR-WAKE REGION OF AN AXISYMETRIC BLUFF-BODY COMBUSTOR

G.L. Switzer, L.P. Goss, D.D. Trump
Systems Research Laboratories, Inc.

Dayton, CH 45440-3696

C.M. Reeves, J.S. Stutrud, R.P. Bradley and W.M. Roquemore
Air Force Wright Aeronautical Laboratories %,

Aero Propulsion Laboratory
Wright-Patterson AFB, 01 45433-6563

Abstract
Even after nonresonant background effects

and other CARS related problems were minimized,
* The Coherent Anti-Stokes Raman Spectroscopy a discrepancy between CARS and thermocouple

'CARS) technique has been employed to measure probe temperatures remained. The second effect
temperatures In the near-wake recirculating flow upon the diagnostic capability--and the one
region of a bluff-body stabilized diffusion believed to be responsible for the remaining
flame. Time-averaged temperature profiles and temperature discrepancy--was the intrusive .'

probability distribution functions (pdf's) are nature of a thermocouple probe being insertcd.
discussed in terms of the flow field characteris- The consequences of the physical body of a
tics. Velocity information obtained by Laser thermocouple probe disturbing or having .

Doppler Aremometry (LDA) is employed along with secondary effects upon the temperature
the theoretical predictions of temperature and measurement process were examined by comparing
velocity as aids in interpreting the time av- results for several probe geometries.
eraged CARS oata. Temperature measurements, made
with CARS and three thermocouples of different This paper identifies the problems influenc-
design, are compared. Several problems affecting ing the CARS and thermocouple temperature diag-
CARS in the fuel-rich regions are identified and nostic capabilities in the fuel-rich recircu-
discussed. Among these problems are the effects lation zone encountered during this measurement -'
of nonresonant background CARS generation, beam program and discusses the solutions which have
steering and detector aging. been implemented. CARS temperature profiles are %

presented and compared with thermocouple and
model predictions. Flow velocities obtained from"

Introduction LDA data and model predictions are employed along
with temperature pdf's as aids in interpreting
the processes believed to be occurring in the I.

Results of CARS diagnostic experiments being recirculation zone.
conducted in a simulated practical combustor .

environment at the Combustion Research Facility %',1

at the Ar Force Wright Aeronautical Labo- Combustion Tunnel Facility .rk

ratories/Aero Propulsion Laboratory have been - .

reportel previously. The research objectives
and the facilities which have been assembled to The axisymmetric bluff-centerbody research
congu~t tois research have also been document- combustor, as configured for these experiments,
ed. The published CARS results were obtained is diagrammed in Fig. 1. The centerbody is 79 cm -
in a highly sooting bluff-body-stabilized long and has a diameter (D) of 14 cm. Gaseous r
diffusion flame at a position well downstream of propane fuel is injected from the center of the
tne recirculation zone established by the bluff-body face through a 4.8 mm diameter rczzle.
bluff-body combustor. It was believed that both Annular air flow is conditioned using a honeycomb
the CARS and thermocouple measurement techniques flow straightener and screens. The centerbod is
wculd be most applicable in this combustion zone; mounted in a 25.4 cm diameter duct equipped with
indeed, results of the average-temperature 30.5 X 7.6 ca. viewing ports which provide either
reasurement, are in good agreement for the two probe or opticai access to the combustion
techniques.' regions. To faciitate optical access, these

ports are covered with 2.5 cm thick optical
The CARS di enostics efforts discussed in wvlndows; whereas, metal ports are used fur probe %. I

this paper ire a continuatior of these experi- access. Additional details of the combustion
ments trough examination of the near-wake region tunnel facility can be found in Ref. 3. JL"
behinc the bluff-body where intense mixing
occurs. During this study, two effects, which All the experiments were conducted at one
are crucial to the CARS and probe diagnostic test ccndition. The annulus air velocity was %
capability in this flame environment, were 23.3 m/s thich corresponds to a Reynolds number r%
identified. The first of these involved the of 1.5xlO , based on the bluff-body diameter and
effect upon CARS temperature measurements of the an inlet temperature of 294 K. The onseus
contribution of the nonresonant bac.,ground CARS propane fuel Jet exit velocits was 69.6 m's with
signal generated from the unburnt propane fuel. a Reynolds rumber of 4.2x10 based on the ,;t
Although several other problems were encountered diameter and inlet temperature of 400 K. This
which influenced the CARS results, this was the condition was chosen because of the unorstanding
most severe, gained in previous high speed motion picture

I his paper i, declared a work of the U.S.
(Go-ernmeni and therefore is in the public domain. 26"
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and turbulence intensity inlet profiles were used
PROBE CENTERBODY for boundary conditions. The computational gri,.

W2 -S E had 41 axial nodes and 39 radial ncdes and
HONEYCOMB extends 4D downstream. Grid independence of the

solution was not determinea and no attempts were
jmade to improve on the calculations, since the

< ] :O predictions are primarily used to give
qualitative insights to the flow field.

Figure 2 is a vector diagram of velocity
LES \FUEL predicted by the TEACH code for the combusting

flow and is presented to acquaint the reader with
LASER PROBE BEAMS the complex flow field being studied. The

diagram shows two recirculation zones, one driven
Wi by the entrainment of the central jet and the

other is driven by the annular air flow. The
centerline velocity decreases as the fuel travels

OTIC AXIdownstream and, at about one centerbody diameter* OPTICAL AXIS downstream, it begins to increase as it comes in
W2 contact with the higher velocity air from the

annulus. Some of the fuel near the edge of the
jet is captureo by the reverse flowing air and

y , carried back upstream where it is either
entrained into the fuel jet or into the annulus

X air flow. Although the quantitative aspects of
Z the pred' tions are not correct, the Seneral

quai-'ative picture of this flow fieid is
cons.tent wit2the data presented in this and

Fig. I. Schematic diagram of the combustion other studies.
tunnel, the centerbody combustor and probe
arrangements. Large toroidal vortex striftures are known

to be shed from the bluff body. An illustration
ot the shed vortices is superimposed on the time

flame stuoies of the flow field '  and because averaged flow field calculation in Fig. 2 as a
the computations of Sturgess and Syed suggested reminder that the dynamic events are important in
that the measured vortex sheddink frequency discussing the processes occurring in the near-
observed at this condition was far removed from wake recion of the bluff-body. As will be
the cadculated acCLstical resonances of the discussed later, these vortices are believed to
tunrel. have a major impact on the temperature field

behind the bluff-body.

Theoretical Predictions
Instrumentation

Theoretical predictions are presented to did
in the understanding of the compleA flow field in Thermocouples
the near-wake region of the bluff-body. The
predictions were made using a computer code
developed at Imperial College as a teaching aid It is well recognized that probcs can
(TEACH) ano is described in Ref. 5. The code interfere with their environment to the extent
uses a hybrid upwind finite cifferencing scheme that the temperature at the point of measurement
to solve tne REynolds' averaged equetions. when the probe is present can be quite different
Closure is obtaired by using the k-c turbulence than the temperature when the probe is absent.
riodel with the standard constants. A simple one This is particularly true in the corbusting
step chemical reacticn is assumed. Flat velocity recirculation zone behind a bluff body. Since

%'.

z-g  70- -- -- . ... . .. .. . ..

o_ .-.
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Fic,. 2. Vectcr plot of the TEACH Code preaictions fcr one half of the tinle averaged velocity field in
the near-Wake region of the bluff body with an illustration of sheo vortices. %
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the direction of the flow field changes dramat- 0.476 cm

ically with tire and location, as illustrated in
Fig. 2, probes must be as small as possible to
minimize their blcckage while at the same time (b)

(C)they must be sufficiently robust to survive thehigh temperature environment. It is not always.,"''i
clear how to configure the probe to accomplish 0.476 c

this. In this study, three thermocouple probe 0.4 76 c
designs were evaluated in the rear-wake region of
the bluff body.

Envelopes of the three thermocouple designs 3.7 cm
are shown in Fig. 3. They all have a sheath I
diameter of 4.76 mm near the tip. The portion of 0.476 cm
the NAT thermocouple thi.t is perpendicular to the
tunnel centerline is 6.35 mm in diameter. These
dimensions are large with respect to the 4.78 mm T
diameter of the fuel jet, but it is small in 2.0cmm- 2.3Acm- .
comparison to the diameter of the bluff body. _aHence, orie might expect all the probes to
significantly interfere with the flow near the %

fuel jet but to be less of a problem when they
,,re far downstream or removed from the jet flow. 7.1 cm 2.1cm-
All three thermocouples are made from platinum 72

alloys. Probe NAT and R4 are type R
thermocouples and POLST is a type S. Fig. 3. Illustraticn of three thermocoupl.

configurations used for temperature comparison:
Probe POLSI in Fig 3a was designed to (a) uncooled right anale tip (POLST), (b) water I

minimize the effects of the stem. :t is uncooled cooled, T shape tip (NAT), and (c) uncooled .".

and has an exposed tip made from 2 gauge wire. end-on tip (R4).
NAT in Figure 3b is a shielded thermocouple with
a platinum elloy sheath that is in) the shape of a
rotated T. Hot gases pass over the tip of the seeders. Five thouarId velocity realizations 1.
tnt.rmocouple and pass out through holes in the were obtaired for each point measurement. In
shield. The stem is water cooled to a distance practice it is very difficult to provide equal
of about 3 cm above the thermocouple where the seed densities to the fuel and air streams ano no
platinum tip starts. The extension of the probe attempt was made to do so for these measurements.
below the thermocouple has beci, shown to be Experiments in cola ilows, where the extreme
beneficial in establishing synmetry i) variations in results were obtained by the use of
temperature measurements made in parabolic flows one seeder and then the other, indicated that the
while experience has shown that the end-on design precision cf the velocity measurements was about
of probe R4 (Fig. 3c) causes the peak temperature 10% except near stagnation regions where much
in a radial profile to shift away from the larger percentage errors can occur. The preci-
cirectior of the stem. R4 is a barewire thermo- sion was not determined for the combustirg flow.
couple (20 gauge) and is uncooled. A detailed description of the LDA system and the

test procedures are given in Ref. 7.

LCA System Radial profiles of axial velocity are ,

presented for axial locations of 4 ard S cm:i.
lnese data are not sufficiently detailed to

The velocity data presented in this paper describe the combustion flow field in the near-
,qere obtoined by Liehtman et al. using .a two- wake region of the bluff body. However, they do
component Laser Doppler Anemometer (LDA).' This provide some insights that aid in interpretil_ ,
system was cspecially designed for use in the the CARS temperature measurements and they also
combustion tunnel facility, it is a real-fringe lend some crecibility to the trends tf the
system witn a three-beam optical configuration. theoretical predictions.
The fringe spacing is 10 m. The scattered light
is collected 10 degrees from the forward
direction by a parabolic mirror. The length of CARS System .,
the measurement volume is 3 m-. Polarization is
useo to distinguish the two orthogonal velocity
components. The optical beam, which is common to A detailed aescription of the opticl ord
oth LDA channels, is frequency shifted so that electronic configuration r.f the basic CAPS system.
both prsitive and negative velocities can be employed In8 thesr experiment, can be foun-
measured. The scattered light is separated elsewhere. Several modifications to the basic --
occordiiig tc polarization and transmitted through system here mace for the present study. The CARS
optic3l fibrrs to two photomultipliers. Tne system employs a frequency-doubled neodyrrium-YAG %
electrical signals are processed by two Model laser which produces a 6- s (FHM) pue at a
1990 TSI ccurter processors. Each velocity 10-Hz repetition rate. A planar bOXCARS cpsical
reaiization is stored in the facilit) computer configuration eas employed it conjunction with a
for future processirc. broadband t Sokes dye laser to cbtain sir.gic-

shot N2 ten~erature infornm.tion from a. patial5 ,Lh tne annu lus air and the fuel were vol1urrc 2 n the order -,f 1 mm .  A bean:' cxpansior: '-.-

" with jiurina particles using flidized-bed ,
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telescope was added to the pump beams in ,rder
to decrease their energy dinsity as they pass

through the combustion-tunnel access windows.iI
This mcdificaticn allowed a radial scan range
sufficient to probe the total combusting flow
plus the major portion of the annular air flow oae

without causing damage to the window material.

The CARS signal generated in the sampled I
volume is collected in a 200-rni diameter fiber- 0optic transmission line and introduced into a w.~

0.64-m spectrometer. Dispersion of the CARS
information within the spectrometer is accom- Z 

I
plished with a 2400 gimm holographic grating, and

detection of the resultant spectral content is 04

provided by a Tracor-Northern lodel TN 6132 Diode %

Array Rapid Scan Spectrometer (DARSS) detector '

head. The detector is an intensified, gateable,
1024-element silicon photodiode array which 02.' -

exhibits sufficient linearity that only one
optical split of the CARS signal is required to
accomrm 6ate the dynamic-range enhancement

scheme necessary tc follow the signal 00 --
fluctuations which occur within the turbulent 2270 2285 23o 2315 2330 234s .
combusting medium. This grating and detector
represent the remaining modifications to the WAVENUMBER(cm)

basic CARS system with respect to the 1200 g/l".
grating ani the TN 12231G detector described ,-
previously. This combination exhibits a hybrid Fig. 4. Effect of background-concentration
Gaussian/Lorentzian slit function an produces an consideration on temperature fitting. (+)
cverall system resolution of 4.1 cm HWHV,. Experimentally observed spectrum. (-) Best fit

1080 K, theoretical spectrum obtained with ." -...

fitting to background concentration. (--) Best
Results and Discussion fit 1430 K, theoretical spectrum without

background variation.

Initial attempts to make CARS temperature
measurements within the highly recirculating flow 0.20 (a) TAVG = 11 K
in the near-wake region of the bluff-body 1)G 1.

combustor resulted in temperature indications
that in some areas of the flame were as muc as
500 or 600 K higher than those indicated by 0.15

thermocouple measurements. :nspection of the
single-shot CARS spectra in those areas revealed
that a large nonresonant CARS background signal 010

was beir generated which was ccntributing to the

Pspectral signature. This background signal is
p imariiy due to the nonresonant susceptibility 0051 ,.
of the high concentratior of unburnt propane. 1.1
Since the least-squares temperature-fitting ooo
procedure, being employed to fit the CARS 300 GOO00 1200oo 1oo 1BOO 2100 2400
spectra, is sensitive to freruency arid resonant <
CARS spectral shape only, it became evident tthat O
rany temperatures in the predominantly fuel-ricn 02077 (b) T v

G  
844 K)

combustion environment were being fit artificial- 1
ly high.!"' '

J1"- "

For a more accurate prediction cf the'?
comnposit N, spectra being generated experimenral- %
ly, a teChrliqj similar to that described by nj 'i

and Boedecker- was incorporated into the teoper-ature-fitting procedure. This technique provi,les'%.,_

for tr.e expression cf CARS intensities as a -

function ut twL independent parameters namely, - .%temperaiture anc d cercentra~iun factor which % .1 4PLl , .

consists of the ratio of t concertration to 30- A) 1200 1500 10 I 2100 2400 . .'
background nonresonant suscep{ibi;4ty. With this % %oo
modification, consideration can be given to the TEMPERATURE (K) :..g

relative effects due to the concentration of
probe-to-backgrour species rather than zssuming Fic. 5. Ifluence of background fitting
a prcoominant resonant -cntribution ard 3 procedure upo; temperature pdf. (a) % .1
constart relatively small backjr und compcrent. Distribution of teriperatures without backoround . N

N, The magnituc of the effc t ct the backgr,-und- fitting. (b) Temperature distributict, when
concentration factor upon temperatre oetermna- variable backgrourd considereo. P %

E 271 N.'.:...:-.
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tior is illustrated in Fig. 4. Ft:re, the thcc-
retical spectra with and without oackyround-
concentration are fit to anr experimentally .~- *.\ *

observec spectrum. The extreme shift in the
lower-wavenumber tail of the lObO K spectrum of -
Fig. 4 relative to the 1430 K spectrun. is clue
primaril y to a decrease of approximately 77% in ,r

the value of th~e concentration factor below that - -

which would be e~pected in d stoichiometnic %
environment. The auidition of this parameter into d /,,-

o~nly slight modification to the existing softwareZ-
but increased the time required for fitting a 0r

tepraue oasingle spectrum from 1 to 3 :-N.
seconds on the rruUCu', Classic computer systemt.

The, decrease in CARS temiperatures obt i red
by fitting to the background concentration, ca ) b. :

interpreted in; terms of tho rharantpricnir shapp
cf the temperature pdf of Figj. 5. Here, tke
temperature pdf at & point 40 cm downstream, Or

*the conoustor face is shown without (a) and with L;.
( b) considieration of background-susceptibility 0 , .-

coification. :t is dppdretit that the average
temperature decrease from 911 to 844 K results-0
when the corrEction for bickqround shifts the
netter temperatures in the 1500 K region to lower,~

wj
values. Tnis; shift in a relatively ,rmall number 140

of temperature determinations has the effect of - - -

smiothinr t ne pdf profile, thus ma k ing the
apparent 'birmodal structure much less predominant.%
The ma~nitude of the shift in average temperature

and the distortions in the puf resulting from

1,e(asLre? of the degree uf penetration oif comous-
tion rcuctants wi thin the combust ion reoioin.

Actner phencmrencn, which -r(-dajceud ofr i'ect k%

upon the CARS temperature roeasurements, was b
Goservee within the Tracor-Nortnern 6132 detec- F
tor. It became apparent that a relatively
T-hort-cX~ration overexposure of the riode arra
rESLiced in a permanent nonuniform cecrease in,
ers itiivi t-v D& the a flfected d i ac, . One of tne

,7-:s- ce".e. of this ciesensitization vwas that tnce
Spectra , prufi le, v.ere art if i1c i a I ly bruu,,en,%0
thus prcucirq an apparent inroase in tempraL- o ------------------------
turc. This effect was especially noticeable .t

lertcmspcnatarces where the pcr wdh sHAILOSIN m

manst critico l , .temperatiurr fitting. Fo r HD OIIN(m
itanrce, v. ha' ,oul1o nc rall Iy haE.ve boor a 4031 K

spectr .r cc-ilc be distorted to ir.icato a termPer- L 6~ 6. Racia- profilc if temperature for CARS
ature CS 2CC K higher. )-,c therf7,occuples at axia i lccatirns of (a, -Lia %~ ~-

(r.29z/D) ard (b) 24cm (liz/D) . (0o CARS,
S.nct :overexposurE cf toe cetEctnr d.iodc- (0, POLST, WX NA'i, (t) R4

ctanno: De avchec at presert, p.3ticu .irly rear
'.he eage cft !rn flame i', a turbo lent ccthusti.
orvir:)--neri , severd i sctpa worr tea-r to r,,Ji, uiagrnrstics. :arce th orma ' induceire-'f
Its PCTentiAl effeAc. The siri- e, - ,OCra wcre refr,,cticon qraclrts, are prfrsont L)ct wee-r& t oe
1oved V o C c e;w areas of the 1C24PE vc,', a r, isixin; co li fuci a.nd the ho: ccrnibusticr, prcduct:;.
naving u ifo,-" respi:e and sensilivity.St -~L rlie-e gradirnts cause considerable bending oti tioe
( uernt r vere- prsuue time of trip dftecri was kept. opticil hec ,s in tran:sit through the f lare.
Lc a mr~ by input Iiteriryg. Lai ly calI> - nre each of Ii C'.ree !,iscr beams tw, t
brat-ior t.( ri om temperature an c. a radnu f .C(-opu - 111 mo ne ,rt frr.uercy (,r.ttrring
fliame Provide,: a checte f.r- variation ir: detector tre sampe fccal volume experienctes c oitteri!
,ensitivit.. ihese steps effectively e'i iirrated rpticcal path, ech i7 storred inaepE-cert' a-,
the iot 1i m:e f detoc tor "ai irq uoiln t he t here re I la. t i v r,: v r mront t th be am c,,'.
reasugnr r i ti process, and! heljr,. n"sure to Th i' refocus ir q caudJ, a dcrease in .AkS -to-
rpliati rity (I! thn CARS dato. Sity. '1r i 1k. Lh I-si ften i ty doces rut aetrain *,fr, ,.

f e .pc-t rz I tent I .,temperature-nepi nooel
Ir a~ci t ic,- to it. nubi .. .. mt t' rrt , i rt~rtln rin d ( pionn1L it detcrri na~irr 4

t thL: (AR, j)(rfral niri r . ii. lnc non m by : -Iativ(l rtcr:sities." Tous,
combustion r:irr reent ir !ICr orii, HIn if iti 1- r ch(mr f-r in' n L;1na (or Cf turbU~ -r, beari
twine fla-;e pnc sent, a et .hFr prJ.'or P Ir ~ rn iri im;, rr the CARS crrrcrt
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tration measurement capability will rot be experiments are shown in Fig. 6. The radial
reliable for the near-wake recirculating combust- profiles give a comparison of the CARS tempera-
ing flow. tures to these obtained from the three thermo-

couple probes identified in Fig. 3. The NAT and
As stated earlier, a large discrepancy POLST probes were oriented parallel to the flow .".'

between temperatures, uetermined by CARS and the and facing upstream. The R4 probe was inserted
,';AT thermocouple probe remained after the CARS from the top and normal to the flow axis. The
temperature reducing procedure was modified to data of Fig. 6a reveals that the error between
fit nonresonant background contributions. To the CARS and NAT temperatures is due to probe
help identify the source of this discrepancy, the characteristics. The distinct departure of the
type, geometry and orientation of the thermo- NJAT profile from the other thermocouple data
couple were varied. Some of the results of these suggests that this probe exhibits a large

perturbing presence in the combusting media. The
cause of this perturbation becomes apparent if
one considers that at an axial location of 4 cm

20CO (a) ?0 the combustinQ flow is highlv rprirngilating a
,- 1 will be discussed presently. Thus, the body of

the NAT probe located downstream of the
thermocouple tip plays a definite role in
blocking the transport of the reverse flowing

50 combusting gases that would otherwise be present
at the measurement location. Although the POLST

4o and R4 probe temperature profiles of Fig. 6a
, exhibit similar shcpes, there is sufficient %

Ispread in tne data to cause concern that perhaps/ :1 one or both of these probes also perturb the ... -\ characteristics of the measurement volume by
,ucc, , ', ., their presence in a recirculating flow field. ' '

The temperature profiles of Fig. 6b, cb- '

~ ", seined at an axial location of 24 cm, show a
marked convergence of the four profiIes. This

t--'- - ,convergence is thougnt to occur because this .
measurement location is downstream of the recir- "' '

- culation zone and thus the thermocouple is
influerced to a lesser degree by the prese;ce of

" the physical body of the probe. Seccr,dary
c o--- 2.' effects such as heat conduction away from the

thermocouple through its leads or probe boody and
( 0oo. radiation from the heated probe body cay

,- contribute to the probe inaccuracies but theirUj
> effect is believed to be much less severe. The

convergence of these profiles are believed to
continue as the measurement location moves

-"o further downstream. This is suggested because at
I z=40 cm, where the flow is parabolic,'o point-to-poin;t temperature differences of less '-

than 50 K beteen CARS and the NAT probe nave
been measured. Aaditional measurements with the

-30 other thermocouples are needed at this location

* ' to determine if they all give the sane results.

Figure 7 shows measured and predicted racia-
*-profiles of average temperature, axial velocity,

and rms velocity at axial locations of 4 and b
, . ci. This figure is presented to illustrate the

4C_ --- - cualitative agreement between TEACh coco
- predictions and experiment. :t daso offer, some

insights into the processes that are occurring.
' t is our intent to rive only a qualitative
assessrment of the TEAC code predictions since

-- -:easured inlet conditions have not been used and
- ' the necessary -hecks on the numerical accuracy of
RADIAL POSITION (c-o the computations have not been mace. It should

be rioted that, if precise inlet concitiors are
desired, inlet velocity and turbulence iriersity

Fig. 7. A ctrroarsrr. of time averageo CARS data for this combustor are contained 'r Ref. 4.
temperatures and averaged no rms LDA axial Also, recent studics rave shrwn that LDA vrlocity
velocities with TECH 'oe precictions at axial data, when not collected at a constant time
locations C:; a) zz4cm (0.29 z10) and (b) z=Scm interva, are Favre averaged (dersity weighted);
(0.57 zOlD. (---) TEACH Temperature, 0) CARS whereas,13 ,94c 15 TEACH predictions are time
Temiperdture, -, EACi! Averaqe 'elocity, (0) LDA 1veraqe. This differnc iust bc taker

Avera7,e Vei.:city. 1+, TEACh R!" Velocity, (A) intt account ir quantitative assrc't:lents trc 71
DA RMS V(-Iu ct'. nooel are to bo made.

N, "% % % ...,, "..



F ic.. A comparison o f t ime averaged CARS temperature measunreets and TEACH precicti, -

temperature airc velo-city ith anr illustrationi of shec vortices.

4 uaIi ta t ive agrere! t between t he t heory arc in Fig. 8. The average CARS tooipur-oures,
expenime-t is mocst eviceo t when comparing tno 0. S o racial by 2 cm, axial1 gric J e-r r=C .

, emperature plots i f F ig . 7. At z=4 cm, the 2n, 7, to- 26 cm;) we-re used to prorduce the u,;iC'
temrperature profilIe inr F ig . 7a ha s a broad peak half' of the temperature contour K't. "
that i s sklwcd towaros the centerlIineic for botl corparisi and to assist irl inte!rrtafl c
prediction and meas urement . At ztE c-r, the FA icde prercotinis o0 teriperaturr ar:vlc
theoretical anoi mea s ured tem~pecratu re peaks i" - t are pirosente in the lower ina 

1 
r f tl% 's .4Fig. Yb are more rounded. The peak temperature Fr olanitr,, somre >f the anlocit, e; rv

occurs, at a racial location very near that o f tne bar- 7,itteol from the fuel jet , otrorwi we thc
zero velocity point in both Figs. 7a arc 71b. T1he A 1111cbscurec toe te-mperature isothorr'' in tiL

*biroacress in t-he temperature profile anii tne regii r Since tne anso lute temicrat'ure ' nc ~ur"
* adial 'lccation of the peak appears to be relatec. using CARS inn qrecicoc by TEh'un aret" '

to the wicte. i, the reverse flow (negative t he tocn:.1 shiow! ii, Fig 8 is rrna V*

ve1Ir00i ty ) reg ion . The TEACn code predicts a r i-ia> fin tempecrature if Lace. calf 'IF R~' SR
the L25k measurements show that the revennle ' lo ano .99 f( r rredi' stic'nz Tr q) Yp
reg~n i s coirsicerably larger at z:4 cm tear at a lo],ws f -r ml re cover 'cot cc ro.m
Z=8 cm. The rac ia l Ioca t ions o f the [, ar qualitative fet Ais
temperature --nd the zero; vel1oci ty are- al1so
farthe from the centerline at, the 4 oni location Toe s t rong sim arit be twel t' P
t than a t the 8 cm l oc at ion. The onange in wioth measuec- and EACI- ,reofotr 'r'-;lpcrturf
-f the- reverse Vow renir with axia' locationr is 8 sun. sty tnat the rrediotl.f , C lt-i' t,
clea'l evicent in, Fi-. 2. importart rualtotive fctui T re - ?

temperature fieldi F- tyraple, r~rith(
The temperature cecreases very rapicly at sno,,ws tnot *,ne or 1 fue heatr:i' t

r racial o1jca t ion: greater t hanr the p e ak cv or st rea7 iL:rao dubt A
*temperature locationr inr both Fig. 7a andi 7b. hesthat the-e cri t. Tiii5.'

Since, trnio , ccur , o ut as the f Iowi change; abee-iS t he ir r'. rrL no- ,
direction", the repro deca1  is most l1ke1-, oue t C _Tr f

-the m~n o cf c I c: wr stream f '(ii ring ann r or Uir be- rel-r-,.i
witt toe not proo uto arc. burring flip]. nTis ote .i fa,
vflew is supp irted by, tre small1 pc.a k in the t
-reas ired nfl: VC c fity fl1,uc tua t iorn' which ' -1 h i I
inoicates en hanced inirg rear the outer ye' , nsf ) 0

stanna t ioc r i n h ,r TEBC" cod e pr ui c t i r,, I p

a s0 sho a sma ' V in the nc' veo city n e- i
the ''acoat ior p(,it her* it 15 i t Vir1  'P '

evidenrt in Fin. 7 because of the noser yir oils. .* . .

stcal. The TEA~n cV "e precli *rs oif avercige f
r -,i s vel'O'tipw a r' t elfip? lu reC apprar t q' nv,

* vell good, c ualitaitivc agreefentO with tne OlecsuO .

* data.

d g( w't the ;'li P'it 
t
ff If-



supported by the measured data In Fig. 7. The The fuel jet is heated by the entrainment of
*maximum temperature measured in the flow field is hot products. The vortex associated with the
*located at an axial location of 4 cm and is shown central jet (see Fig. 2) also has a zero axial
*in Fig. 7a. As noted earlier, the measured peak velocity surface which separates the fuel and hot

temperature is very near the radial location products moving downstream from the products and
where the measured axial velocity is zero. From reactants moving upstream. Some of the hot
observations of high speed movies of the flame, products moving upstream are entrained into the
it was determ ned that this is very near the fuel jet near the bluff body face, thus heating
vortex center. the fuel as it moves downstream. By the time the

fuel near the centerline reaches the minimum I
The apparent connection between the velocity velocity it has started to react because of the%

and temperature fields suggests that the dominant entrained hot products. Since this burning fuel
mechanism of heat transport is convection. An spends considerable time where the velocity is '%

examination of the TEACH predictions showed that low, the temperatures will be high in this
£ the magnitude of convective heat transport in the reinah EC rdcin niaeta h

*shear layer of the bluff body is at least an radial extent of the downstream hot spot is. V
order of magnitude larger than that due to the determined by the cooling effects of the radial
turbulent diffusion transport at all but a few penetration of the annular jet shear layer. This
locations in the flow field. The qualitative is evident by tracking the velocity vectors in.,.
agreement between the predictions and experiment the shear lay of the bluff body as they move
suggests that the measured temperature field downstream.
might also be interpreted in terms of the
convective heat transfer. To this end, a quali- The discussions have considered a time
tative explanation of the TEACH code predictions average view of the near wake region. However, 7
of the temperature field, based on the mean it must be remembered that the flow is really
velocity field, will be presented as a reasonable very dynamic with large toroidal vortices (illus-
interpretation of the time averaged CARS data. trate 6 in Fig. 8) being shed from the bluff

body. q6The impact of the dynamic motions on the
-The zero axial velocity surface of the temperature field are shown in Fig. 9. In this

annular jet vortex, which is observed in the figure, each pdf consists of at least 1500
lower half of Fig. 8, is believed to be important temperature samples. The probability axis height
for understanding the cause of the associated hot is 0.2 and the temperature axis ranges from 300
spot. Judging from the velocity plot, the zero to 2400 K with 100 K temperature bin widths
axial velocity surface extends about one bluff (same as Fig. 5). Temperature probabilities
body diameter downstream. This surface, which is ranging from 0.2 to 0.27 are represented by
near the outer edge of the 0.80 to 0.87 isotherm, darkened bin segments and temperature bins
is believed to be very important because it exceeding a probability of 0.27 are clipped at

-3separates the gases flowing upstream from those 0.2 on the plot and labeled with their actual
flowing downstream. The fluid elements on either value. Those plots consisting of a single line
side of the surface have very different time indicate only "best estimate" values of the
histories. The downstream flow, which is outside thermocouple temperatures. CARS measurements

4.the surface, contains mostly cold annulus air and were not made in these locations due to the
some hot products very near the surface. Inside large nonresonant signal generation from the *

* the urfac, theignited fuel and hot products ubrtpoae in the fuel jet. The time
are convected upstream by the mean flow. By average and rms temperatures for the particular
tracking the velocity vectors and isotherms near pdf are given in the upper right-hand corner of
the fuel jet, it is seen that combustion is each plot.
sustained in the upstream flow region by the
continuous supply of hot fuel from the outer It should be noted that the averaged CARS '~ -

shear layer of the fuel jet. Also, the fuel, temperatures represented in Fig. 8 might differ%
which is transported near the zero velocity somewhat from those given in Fig. 9. This is
surface of the annular jet vortex, must linger because the temperatures for the isotherms are
for a relatively long time because of the very the result of averaging from 6 to 8 sets of 1500
low velocities. In effect, the long residence individual CARS measurements while those shown
time insures sustained high temperatures in this with the pdf's in Fig. 7 are just for one set of
region. data. The worst case precision of the

experiment, as indicated by averaging 6 CARS data
The fuel jet hot spot, as noted in Fig. 8, sets taken on different days in the shear layer

is also located in a region where the velocities of the annular jet, was 80 K. For most
4are very low. The velocity vector plot in Fig. 8 locations, the experiment was repeatable to 40 K.

shows tnat the fuel jet penetrates tne
recirculation zone established by the annular The pdf's in Fig. 9 provide a map of the
jet. Tracking the magnitude of the velocity transported annular air into the near-wake
vectors near tecenterline, itis seen that as region. The 300 K temperatures can serve asa
the fuel travels downstream, the velocity decays marker for the annulus air that is unmixed and
to a minimum value and then starts increasing, thus, unheated by the combustion process. By
The fuel jet hot spot is located in this region tracking the radial locations where the
of low velocity. Studies of high speed movies of probability of measuring 300 K temperatures

4the flame also show that the fuel jet penetrates approaches zero (from the high side), one can
the recirculation zone and that the fuel jet hot tell how far the annulus air extends into the1Z7

*spot is located in a 4region where the axialI ne3--wake region without being mixed. The
*velocities are very low, probability of the 300 K bin gives the fraction

dof time that this occurs. An examination of the
pdf's for an axial location of 4 cm, shows that
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at a radial location of 5 cm or less, there is to a lack uf a suitible stdnaard technique to-r
zero probability of measuring a temperature of comparino ti re averaged temperatures. Therm-
300 K; whereas, at 6 and 7 cms, 300 1, tempera- couples, which have been used in the past to
tures will be measured some of the time. This check the performanse of averaged CARS teopeia- 6
implies that the annular flow penetration into ture measurements in parabolic flows, perturbed
the near-wake region at z=4 cm is between 5 and 6 the near-wake flow field to the extent that their
cm. Figure 7a confirms this since the measured measurements were unreliable. This was de-
zero axial velocity location separating down- termined by making measurements with three
stream and upstream moving gases is at 5.3 cm. differently shaped thermocouples.
At the z=8 cm axial location, the annular air %

does extend to the 5 cm radial location as CARS temperature pdf's were most useful in 4., -#
interpreted by the nonzero probability of measur- providing insights into the dynamic nature of the
ing 300 K. The location of the zero axial turbulent combustion processes occurring in the
velocity point is 4.7 cm according to the LDA near-wake region of the bluff body. By tracking
data in Fig. 7b. Thus, by tracking the probabil- the probability of measuring the inlet air
ity of measuring a temperature of 300 K, one can temperature, it was determined that: (1) uri-
determine to what extent and the fraction of time heated and unmixed annular air is transported
unmixed annular air penetrates into the near-wake into the near-wake region towards the peak time
region. averaged temperature and (2) the transport is

intermittent. The bimodal shape of the

The temperature pdf's in Fig. 9 support the temperature pdf's and previous studies of hioh
view, establisheo by the study of high speed speed movies of the flame, suggest that the
movies in Ref. 16, that shed vortices are actual- transport mechanism of heat, air, and products in
ly responsible for the transport of annular air the shear layer of the bluff body is due to the
and heat (mixed air and hot products) into the convective nature of large scale vortices shed
wake of the bluff body. The presence of the 300 from the bluff body.
K inlet temperatures some of the time and very
high temperatures at other times, indicate that A quantitative comparison of experimental
the flow is intermittent. Indeed, the results and TEALH code predictions was not
probability of observing the presence of annular attempted in this study because sufficiert checks
air is a measure of the intermittence. The study have not been made on tne numerical accuracy of -'

of high speed movies suggest that the cause of the calculations. However, the TEACH code did
the intermittence is the occurrence of large successfully predict many of the qualitative

scale shed vortices. By imagining the observed features of the riean temperature and axial
large scale vortices being convected downstream velocity data. The success of the predictions is
as depicted in Fig. 8, one can more easily believed to be due to the fact that the TEACH
visualize the events leading to the transport of calculated radial convective transport is
unmixed annular air into the near-wake region, considerably larger at almost all locations in
As the vortex rolls up, an interface, which the shear layer of the bluff body than the
separates annular air and products, is formed, calculated transport by turbulent diffusion via
As the vortex is convected downstream, tne the eddy viscosity model. Also, it is very
rotational motion towards the centerline doubtful that the TEACH code would provide
transports unmixed annular air, at the interface, accurate quantitative predictions of the tempera-
deep into the shear layer of bluff body. As the ture field, unless intermittancy and mixing, due
vortex continues to rotate, it transports to the large scale shed vortices, are taken into
reactai:ts, hot products and air radially outward, account.
he bimodal shapes of the pof's indicate the
presence of thes, larqe toroical vortices and the
influence they have on the temperature field. Acknowledgements
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CARS temperature measurements have been
extended into the recirculatinci, near-wake region
of a bluff-body stabilized diffusion flare.
Corrections for '--resonant backcround, ,ue
primarily to the presence .f unbunreo fuel, nau
_o be made to obtain what is considered valid
CARS data. Pttempts to establish the accuracy of %
the measurements in this envirn'cinnt faileo Oue
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